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■  ' ;  This^ecture  Series  provided  an  introduction  to  modern  ramjet  technology, arvjflpplications  to  missiles  were  especially 
emphasized.  The  survey  and  characterization  of  various  types  of  ramjets  were  followecTby  the  discussion  of  ramjet 
components.  Three  of  the  lectures<givY,n  rm.thc-seeomfday’Xiealt  with  the  main  types  of  subsonic  combustion  ramjets.  Theses, 
'■^was  dne  lecture  devoted  to  supersonic  combustion  ramjets.  The  experience  gained  from  the  research  and  development  of 
existing  systems  and  components  was  covered  in  detail  in  all\he  lectures. 
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SUMMARY 

Ramjet  propulsion  has  gained  importance  as  sustainer  of  missiles  which  have  to  combine  long  range  and  high 
speed.  Its  high  specific  impulse  makes  it  favourable  for  this  application.  Moreover,  military  demands  are 
satisfied  by  its  simple  design.  The  lecture  describes  the  different  types- of  ramjet  propulsion  and  charac¬ 
terizes  them  by  explaining  their  main  features. 

After  a  survey  of  the  development  of  the  design  principles,  the  fields  of  application  are  mentioned  and 
comparisons  with  other  types  of  missile  propulsion  are  made.  The  performance  characteristics  and  the  quali¬ 
fication  of  ramjet  propulsion  for  different  missions  are  discussed. 

The  lecture  concludes  with  remarks  on  the  present  state  of  development  and  on  the  points  of  emphasis  of 
further  development. 


1 .  INTRODUCTION 

Modern  concepts  of  guided  missiles  Impose  Increased  requirements  for  speed  and  range  in  order  to  improve  the 
stand-off  conditions  of  the  carrier  and  the  penetration  capability  of  the  missile. 

In  many  cases  the  requirements  for  engine  economy  are  so  high  that  they  cannot  be  fulfilled  by  rocket  engines. 
Therefore,  it  becomes  necessary  to  use  airbreathing  engines  which  offer  a  gain  in  specific  impulse  by  about 
the  factor  of  five.  Among  these  airbreathing  engines,  the  ram-type  engine  is  particularly  well  suited  as  a 
missile  sustainer  because  of  its  simple  and  rigid  design.  Compared  with  the  turbojet  engine,  the  ram-type 
engine  exhibits  nearly  no  disadvantage  in  fuel  consumption  if  the  Mach  number  is  high  enough.  This  will  be 
demonstrated  later. 

The  ram-type  engine  has  two  prominent  characteristics,  one  being  positive  and  the  other  being  negative: 
the  positive  feature  is  its  extreme  simplicity, 

the  negative  characteristic  is  the  lack  of  zero  velocity  start  capability.  Both  characteristics  have  fascinati 
engineers  since  the  first  work  of  Lorin  and  various  ramtype  engines  with  different  propellants  have  been 
designed.  In  order  to  compensate  for  the  lack  of  zero  velocity  start  capability 
other  engine  types  has  been  tried. 

The  multitude  of  systems  shall  not  be  discussed  here,  because  this  meeting  will 
of  military  applications.  For  practical  application  in  military  systems,  mainly 
are  of  Interest  (Fig.  1): 

-t  the  conventional  liquid  fuel  ramjet  (using  Kerosene  or  a  liquid  high 
I  density  fuel) 

the  solid  fuel  ramjet  (with  the  solid  fuel  located  in  the  ram-combustor) 

-i  the  solid  propellant  ramrocket  (using  a  solid  propellant  for  energy 
generation). 

In  the  future,  another  type  of  ramengine  will  gain  significance: 

-  \  the  supersonic  combustion  ramjet. 

Figure  2  Illustrates  the  performance  and  adequate  range  of  application  of  turbojet,  ram-type  and  rocket 
engines.  This  figure  shows  the  specific  impulse  of  the  particular  engine  type  as  a  function  of  the  flight 
Mach  number.  The  propellant  may  change  from  type  to  type,  the  common  feature  being  the  storability.  It  has 
to  he  underlined  that  only  mean  values  of  performance  can  be  given  by  this  kind  of  representation.  Consider¬ 
able  deviations  will  occur  depending  on  the  special  design  and  the  particular  flight  condition. 

Pure  hydrocarbons  are  assumed  as  fuel  for  turbojet  and  ramjet  engines.  Both  engine  types  are  almost  equally 
efficient  above  Mach  number  three.  Below  this  Mach  number,  the  performance  levels  of  both  engine  types 
diverge  in  the  well-known  manner.  At  zero  speed,  the  specific  impulse  of  the  ramjet  is  of  negative  value 
while  the  turbojet  reaches  the  maximum  value.  In  the  case  of  the  ramrocket,  a  high  energy  propellant 
containing  about  50  percent  boron  Is  assumed.  The  performance  curves  of  ramrocket  and  ramjet  do  not  differ 

substantially.  The  ramrocket,  too,  offers  nearly  no  thrust  at  zero  speed.  Exceeding  Mach  number  six  approx¬ 

imately,  performance  advantages  will  be  gained  by  using  the  method  of  supersonic  combustion. 

This  presentation  demonstrates  the  performance  superiority  of  the  ramtype  engine  to  the  rocket  engine.  But 

this  superiority  exists  in  the  middle  of  the  Mach  number  range  being  considered  and  disappears  at  very 

low  and  very  high  Mach  numbers. 


the  combination  with  various 

be  confined  to  the  aspects 
three  propulsion  systems 
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generations.  In  the  first  generation,  the  ramjet  engine  was  positioned  within  a  nacelle  outside  the  missile 
dart.  In  the  following  generation,  the  engine  already  was  integrated  in  the  dart.  The  inlet  diffuser  took 
an  optimum  position  at  the  tip  of  the  missile.  But  a  considerable  part  of  the  dart  volume  was  occupied  by 
the  long  air  duct  between  inlet  and  combustion  chamber.  The  third  generation,  which  represents  the  integration 
method  of  today,  eliminates  these  disadvantages.  The  inlet  system  consisting  of  one  or  more  inlet  diffusers 
is  laterally  installed  at  the  dart,  avoiding  any  loss  of  volume  due  to  an  air  duct.  In  addition,  the  free 
volume  of  the  ram-combustor  is  used  for  installing  the  booster  or  a  part  of  it.  Thus  an  optimum  of  volume 
economy  has  been  achieved. 

The  sequence  of  generations  is  demonstrated  once  more  by  fig.  4  which  deals  with  systems  being  or  having 
been  in  service.  The  first  generation  is  formed  by  the  systems  Bomarc  and  Bloodhound,  the  second  one  is 
represented  by  the  systems  Talos,  Sea  Dart  and  Ganef. 

By  now,  only  one  system  of  the  third  generation  is  in  service: 

Gainful  (SA  6). 

In  the  near  future,  a  new  missile  system  using  a  ramjet  of  the  third  generation  will  have  to  be  added: 
the  French  Air  Surface  missile  ASMP 

which  will  be  the  first  ram-type  engined  system  in  service  not  belonging  to  the  family  of  the  surface-to- 
air  missiles  (leaving  out  the  drones). 


3.  PROPELLANTS 

The  most  important  criteria  for  the  selection  of  the  propellant  are 

the  energy  content 
the  density  and 
the  storability. 

Since  the  residence  time  of  the  combustion  products  within  the  ram-combustor  is  <-ery  short  (5  msec  or  less), 
the  requirement  for  good  combustibility  has  to  be  added.  For  several  applications,  the  aspect  of  smoke 
generation  may  become  important.  In  the  case  of  hypersonic  propulsion  the  heat-sink  capacity  of  the 
propellant  has  to  be  considered,  too.  The  number  of  elements  from  which  useful  propellants  may  be  composed 
is  rather  small.  This  fact  becomes  obvious  by  a  diagram  correlating  the  heat  contents  and  the  atomic  numbers 
of  the  elements  (a  way  of  presentation  used  by  several  authors). 

Fig.  5  shows  the  gravimetric  as  well  as  the  volumetric  heating  values  of  the  elements,  since  both  are 
relevant  to  missile  propulsion.  The  statement  of  the  graph  is  clear: 

The  elements  with  both  high  gravimetric  and  volumetric  heating  values  are  situated  in  the  region  of  small 
atomic  numbers.  It  is  evident,  too,  that  only  some  light  metals  like  aluminum,  beryllium,  -  particularly 
boron  -  and  besides  them  carbon,  can  compete  with  the  usual  hydrocarbons.  One  remark  should  be  added. 

The  noted  heating  values  of  the  metals  are  valid  only  if  their  oxide  produced  during  combustion  is 
condensed.  Actually,  this  assumption  may  be  not  at  all  or  only  partly  realistic.  At  hypersonic  flight 
conditions  for  example,  the  very  high  combustion  temperatures  may  prevent  the  condensation  of  the  metel 
oxides. 


4.  PERFORMANCE 

One  of  the  preceding  graphs  showed  the  relationship  of  specific  impulse  and  Mach  number  being  a  characteristic 
of  ramjet  propulsion: 

There  is  a  steep  increase  of  specific  impulse  in  the  low  Mach  number  range,  the  maximum  being  situated  at 
a  moderately  high  Mach  number  and  a  decrease  in  the  high  Mach  number  range.  This  characteristic  shape  of 
the  specific  impulse  curve  derives  from  the  ideal  ramjet  working  cycle  illustrated  by  fig.  6. 

The  ideal  working  cycle  being  identical  with  the  "Brayton  Circle"  consists  of 

•  isentropic  compression  of  the  ram  air 

•  heat  addition  at  constant  pressure  and 

•  Isentropic  expansion  to  the  outside  pressure. 

Assuming  idea'!  gas  having  constant  specific  heat,  a  simple  formulation  of  the  relationship  between  ideal 
specific  impulse  and  Mach  number  can  be  found.  In  the  particular  cases  of  the  Mach  number  approaching 
zero  or  infinite  values,  further  simplifications  are  possible.  Finally  one  can  formulate: 

•  at  low  Mach  numbers,  the  specific  impulse  is  directly  proportional 
to  the  flight  Mach  number  and 

•  at  very  high  Mach  numbers  the  specific  impulse  is  inversely  proportional 
to  the  flight  Mach  number. 

Though  in  reality,  there  are  significant  deviations  from  the  conditions  of  the  Brayton  circle,  the 
discussed  tendencies  remain: 

t  at  very  low  and  at  very  tigh  Mach  numbers,  the  specific  impulse  of 
the  ram-type  engine  approaches  zero. 

This  fact  is  illustrated  by  fig.  7  for  the  case  of  a  kerosene-fueled  ramjet. 

TV*  — - -  4...  XI j  Z  ce - X  ..... i  _  XI.  .  z...  » _  .XI.  t  it  «  •.  •  • 


i-3 


a  certain  change  of  the  relationship  between  performance  and  equivalence  ratio  discussed  above.  In 
addition,  the  range  where  equivalence  ratio  can  be  varied  is  confined  by  thrust  requirements. 

In  the  lower  Mach  number  range,  the  increase  of  specific  impulse  with  increasing  Mach  number  exceeds 
the  increase  of  thrust  demand.  For  this  reason,  a  Mach  number  exists  where  fuel  consumption  of  the  ramjet 
per  unit  range  becomes  a  minimum.  By  this  way  and  taking  into  account  additional  Mach  number  dependent 
effects  to  every  mission,  a  flight  Mach  number  can  be  attributed  where  the  weight  of  the  propulsion 
system  or  -  what  is  finally  interesting  -  the  veight  of  the  missile  system  is  minimized. 

This  fact  is  demonstrated  by  fig.  8  for  missiles  flying  at  very  low  altitude.  The  dependence  of  missile 
weight  is  plotted  as  a  function  of  the  sustain  Mach  number  for  two  different  values  of  range  without 
taking  into  account  the  weight  of  the  booster.  There  is  a  flat  minimum  near  the  Mach  number  of  2.5. 

The  consideration  is  completed  by  taking  into  account  the  change  of  booster  weight.  The  results  of  calculation; 
are  shown  in  fig.  9.  Again  the  low  altitude  flight  mission  is  taken  as  an  example. 

Parameters  of  this  diagram  are  two  different  ranges  and  two  different 
launch  Mach  numbers.  Again,  there  is  a  flat  minimum  now  near  Mach  number  2. 

The  position  of  the  minimum  is  influenced  to  a  certain  amount  by  several  other  parameters  as  for  example 
by  the  flight  altitude.  But  these  influences  are  of  second  order.  Generally,  it  can  be  stated  that  the  weight 
optimal  Mach  number  lies  between  2  and  2.5. 


5.  OPERATION 

The  off-design  operational  characteristics  of  the  ramjet  or  ramrocket  are  primarily  governed  by  the  interactio 
of  the  inlet  system  and  the  sonic  throat  of  the  thrust  nozzle.  In  the  case  of  the  engine  with  constant  geometr 
the  operation  is  influenced  by  the  variable  flight  conditions  (Mach  number,  altitude,  angle  of  attack  or 
sideslip)  and  the  rate  of  heat  addition  in  the  combustor. 

The  matching  of  inlet  and  thrust  nozzle  is  Illustrated  by  fig.  10.  Some  simplifications  have  been  made  in 
order  to  concentrate  on  the  determining  factors:  the  changes  of  combustion  chamber  pressure  loss  and  of  mass 
flow  due  to  fuel  addition  have  been  neglected. 

It  is  assumed  that  the  relation  between  total  pressure  zt  the  end  of  the  diffuser  and  air  mass  flow 
can  be  described  by  the  well-known  rectangular  graph.  A  two  slock  inlet  with  external  compression  and 
stable  subcritical  operation  will  have  a  characteristic  similar  tc  this. 

The  critical  or  supercritical  air  mass  flow  of  the  diffuser  is  linear  proportional  to  the  flight  Mach 
number  during  operation  above  the  "shock-on-lip"  Mach  number.  The  dependence  is  of  higher  order  below 
"shock-on-lip"  conditions.  (The  flight  altitude  is  always  assumed  to  be  constant.) 

The  total  pressure  at  the  entrance  of  the  thrust  nozzle  is  defined  by  the  values  of  air  mass  flow,  cross- 
sectional  area  of  the  sonic  throat  and  combustion  temperature.  The  dependence  from  mass  flow  is  nearly 
linear  if  the  combustion  temperature  is  constant.  In  the  case  of  constant  heat  addition  (constant  fuel 
flow,  the  dependence  from  mass  flew  can  be  approximately  a  square  root  function. 

The  synopsis  shows  a  set  of  similar  diffuser  characteristics  with  the  flight  Mach  number  being  the  curve 
parameter.  The  critical  total  pressure  of  the  diffuser  strongly  increases  with  the  mass  flow.  The  total 
pressure,  necessary  for  swallowing  the  air  mass  flow  has  a  less  steep  ascent  with  the  increase  of  mass 
flow. 

At  the  point  of  intersection,  the  engine  is  operating  at  critical  diffuser  conditions.  Going  to  higher 
Mach  numbers,  the  diffuser  will  become  progressively  supercritical.  In  the  opposite  direction,  the 
engine  works  with  subcritical  diffuser,  the  pressure  level  being  defined  by  the  maximum  pressure  recovery 
of  the  inlet  diffuser.  (In  most  cases  only  part  of  the  subcritical  region  can  be  used  determined  by  the 
limits  of  stable  operation  of  the  oiffuser.) 

After  these  statements  introducing  to  the  matching  problem  of  inlet  and  nozzle,  the  thrust  characteristics 
of  the  ram-type  engine  shall  be  explained. 

The  equations  describing  thrust  and  thrust  coefficient  are  formulated  in  fig.  11  in  a  notation  which 
facilitates  further  transformation.  The  simplifications  introduced  before,  for  the  reason  of  clearness 
shall  be  maintained.  As  an  additional  simplification,  only  operation  above  the  "shock-on-lip"  Mach  number 
will  be  considered. 

At  first,  critical  operation  shall  be  discussed  (fig.  12).  The  relationship  between  critical  total 
pressure  of  the  diffuser  and  flight  Mach  number  can  be  described  by  an  exponential  function  of  the  Mach 
number.  The  exponent  is  between  2.5  and  3.5.  According  to  the  simplifications  made  above,  this  total 
pressure  <s  identical  to  the  total  pressure  within  the  thrust  nozzle.  Since  the  static  pressure  at  the 
nozzle  exit  is  discriminated  from  the  total  pressure  only  by  a  constant  factor,  the  above  mentioned 
exponential  function  finally  is  appropriate  to  describe  the  dependence  of  nozzle  exit  pressure,  too. 

By  choosing  a  medium  value  of  three  as  exponent,  the  simple  relationship  given  by  fig.  12  can  be 
established.  Mainly  there  is  a  linear  proportionality  at  critical  operation  between  the  increase  of 
flight  Mach  number  and  thrust  coefficient. 

In  thesupercriticalregime,  the  relationship  between  thrust  coefficient  and  flight  Mach  number  at  constant 


flow.  With  this  simplification  at  first  the  statement  is  established  that  for  constant  heat  addition 
the  nozzle  exit  pressure  is  proportional  to  the  square  root  of  the  air  mass  flow.  Because  of  the  assumption 
to  operate  above  the  "shocx-on-1 ip"  Mach  number,  the  air  mass  flow  is  directly  proportional  to  the  Mach 
number.  Finally,  the  expression  of  fig.  13  follows,  relating  the  thrust  nozzle  exit  pressure  to  the 
square  root  of  the  Mach  number.  By  using  this  result  one  gets  the  simple  approximation  of  the  supercritical 
thrust  coefficient  at  constant  fuel  addition  given  by  fig.  13. 

The  results  of  exact  calculation  of  the  thrust  coefficients  of  a  ramrocket  are  presented  by  fig.  14  a. 

The  thrust  coefficient  at  critical  operation  rises  steeply  with  increasing  Mach  number.  The  curves  of 
the  thrust  coefficient  at  supercritical  operation  with  constant  fuel  addition  are  mildly  bent  and  decline 
in  the  direction  of  higher  Mach  numbers.  As  long  as  the  inlet  diffuser  is  stable,  the  subcritical  region 
can  be  principally  used.  The  calculated  values  cf  the  thrust  coefficient  are  indicated  by  the  dotted 
lines. 

In  fact  as  shown  by  fig.  14,  the  pre-entry-drag  of  the  diffuser  strongly  increases  because  of  the  normal 
shock  spillage  in  the  subcritical  regime.  As  a  result  of  this,  only  a  marginal  gain  in  the  net  value 
of  thrust  coefficient  is  attained.  Besides,  fig.  14  b  gives  information  about  the  minimum  operational 
Mach  number  of  a  ramjet.  For  that  reason  the  drag  coefficient  of  the  missile  (represented  in  the  same 
manner  as  the  thrust  coefficient)  is  presented,  too.  If  subcritical  operation  has  to  be  excluded  because 
of  insufficient  diffuser  stability,  the  Intersection  point  of  the  lines  of  critical  thrust  coefficient 
and  of  drag  coefficient  designates  the  nr'-iimum  operational  Mach  number.  But  even  if  subcritical  operation 
can  be  allowed,  no  remarkable  change  follows.  This  minimum  operational  Mach  number  is  only  a  theoretical 
figure  and  the  transition  Mach  number  has  to  be  well  above  this  value  if  the  flight  mission  requires 
maneuvering  or  climbing  in  the  early  sustain  phase. 

An  impression  of  the  dependence  of  the  acceleration  capability  on  the  margin  between  transition  Mach  number 

and  minimum  operational  Mach  number  is  given  by  fig.  15. 

This  graph  referring  to  a  long  range  missile  shows  the  acceleration  (as  multiples  of  the  acceleration 
due  to  gravity)  as  a  function  of  the  time  after  transition.  For  this  calculation,  the  assumption  has 
been  made  that  the  transition  Mach  number  exceeds  the  minimum  operational  Mach  number  by  a  value  of  0.05. 

It  is  obvious  that  a  certain  value  (being  not  too  small)  of  this  margin  has  to  be  provided  because  of  the 
dynamic  characteristics  of  the  missile. 


6.  COMPARISON  OF  RAMJET  PROPULSION  WITH  OTHER  TYPES  OF  MISSILE  PROPULSION 
6.1  Comparison  with  Rocket  Propulsion 

Ramjet  propulsion  offers  the  advantage  of  low  fuel  consumption  compared  with  rocket  propulsion,  but  the  dis 
advantage  of  additional  structure  weight  has  to  be  accepted.  Therefore,  the  range  of  the  missile  has  to  ex¬ 
ceed  a  minimum  value  in  order  to  justify  ramjet  application.  The  minimum  range  where  the  propulsion  system 
weight  of  a  ramjet  engine  corresponds  to  a  rocket  engine,  essentially  depends  on  ambient  pressure  (flight 
altitude)  and  Mach  number.  Since  the  minimum  range  is  approximately  reciprocal  to  ambient  pressure,  the 
simple  manner  of  representation  of  fig.  16  becomes  possible. 

This  figure  shows  the  product  of  minimum  range  and  ambient  pressure  as  a  function  of  the  flight  Mach 
number.  Basis  of  comparison  is: 

•  a  solid  propellant  rocket  having  a  specific  Impulse  of  about  240  sec 
and 

•  a  hydrocarbon-fueled  ramjet  or  a  ramrocket  using  a  high  energy  propellant. 

Since  the  dimension  of  ambient  pressure  is  "bar",  this  graph  directly  informs  about  the  minimum  range 
of  ramjet  application  for  low  altitude  missions. 

Of  course,  the  statement  of  fig.  16  is  only  of  theoretical  nature.  In  practice,  the  range  has  to 
exceed  these  theoretical  values  considerably  in  order  to  justify  the  change  from  rocket  propulsion 
to  the  more  complicated  ramjet  propulsion. 

An  impression  of  the  margin  of  propulsion  weight  which  can  be  saved  by  using  ram-type  engines  is  given 
by  fig.  17. 

Fig.  17  indicates  the  propulsion  weight  per  unit  of  range  as  a  function  of  range  at  sea  level 
conditions.  A  solid  propellant  rocket  and  ramrocket  using  a  high  energetic  boron  containing 
propellant  are  compared.  Similar  results  will  be  attained  if  the  ramrocket  is  replaced  by  a 
hydrocarbon-fueled  ramjet.  The  calculated  values  apply  to  a  missile  of  0.1  m*  cross-sectional  area 
flying  at  sea  level  conditions  with  Mach  number  2. 

The  advantage  of  using  ram-type  propulsion  for  medium  or  long  range  missions  is  clearly  indicated 
by  the  graph.  It  must  be  added  that  only  the  weight  of  the  sustainer  propulsion  module  has  been 
considered.  If  boost  propulsion  is  taken  into  consideration,  the  gap  between  the  weight  characteristics 
of  both  propulsion  types  will  increase  further. 

The  influence  of  the  Mach  number  on  this  comparison  is  illustrated  by  fig.  18,  now  referring  to  the 
aspect  of  volume  requirement  of  the  propulsion  system. 

In  this  graph,  the  length  of  the  propellant  section  needed  per  unit  of  range,  is  shown  as  a  function 
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The  statement  is:  The  application  of  ram  propulsion  is  the  appropriate  way  to  reduce  missile  length 
at  supersonic  flighc  missions. 

6.2  Comparison  with  Turbojet  Propulsion 

In  the  subsonic  and  transsonic  region,  there  is  a  clear  superiority  of  turbojet  propulsion  with  regard 
to  both  fuel  consumption  and  thrust  coefficient.  As  far  as  fuel  consumption  is  concerned,  this  superiority 
lasts  up  to  a  Mach  number  of  about  3.5.  But  in  the  case  of  missile  application  the  required  thrust 
coefficients  generally  exceed  by  far  the  values  which  can  be  provided  by  a  pure  turbojet.  The  extreme 
thrust  requirements  only  can  be  fulfilled  by  a  turbojet  if  it  is  equipped  with  an  afterburner.  In  this 
case  the  afore-mentioned  superiority  with  respect  to  fuel  economy  diminishes  at  a  Mach  number  of  about 
2.  On  the  other  hand,  a  lot  of  penalties  {weight,  complexity,  problems  concerning  the  accommodation  of 
an  integral  boost  motor  and  so  on)  arise  for  tne  application  of  the  turbojet  engine. 

Situations  may  exist  where  advantages  can  be  drawn  from  the  self-acceleration  characteristics  of  the 
turbojet.  But  in  general,  an  additional  boost  motor  is  needed  providing  a  sufficient  thrust  level  to 
accelerate  the  missile  as  fast  as  possible  to  its  sustain  speed,  thus  minimizing  the  minimum  operating 
range. 

Keeping  in  mind  these  considerations  in  the  case  of  missile  applciation  nearly  no  argument  remains  for 
using  a  turbojet  instead  of  the  much  simplier  ramjet  if  the  flight  Macn  number  exceeds  a  value  of  about 
1.8  (even  a  lower  value  can  be  assumed). 


7.  FINAL  REMARKS 

At  this  time,  development  work  or  at  least  technology  work  in  the  field  of  ramjet  or  ramrocket  propulsion 
is  going  on  in  several  countries  of  the  NATO  community.  But  still  there  exist  some  reservations  against 
the  application  of  ramjet  propulsion  in  the  mind  of  the  system  engineers.  This  may  be  due  to  the  following 
reasons: 

•  The  development  period  is  long  (a  period  of  five  years  has  to  be  anticipated 
nowadays) 

•  Development  and  production  costs  are  high.  (Some  components  and  the  equipment 
are  expensive  in  manufacturing.  Compared  with  rocket  propulsion 

ramjet  testing  is  very  expensive.) 

•  Some  additional  restrictions  have  to  be  accepted  by  the  designer  of  the 
missile.  (The  restrictions  concerning  usable  Mach  number  range,  altitude 
range,  margin  of  angle  of  attack  or  sideslip,  and  minimum  launch  Mach 
number  are  more  severe  as  in  the  case  of  rocket  propulsion.) 

Some  of  the  just  mentioned  facts  are  inevitably  inherent  in  airbreathing  propulsion  and  nave  to  be 
accepted  in  return  of  a  higher  efficiency.  But  the  remaining  problems  could  be  overcome  by  a  better 
knowledge  of  the  component  technology  leading  from  the  variety  observed  now  to  more  standardized  solutions 
of  component  design  and  construction. 

With  respect  to  this,  an  Improved  cooperation  between  the  different  developing  companies  and  institutions 
within  the  NATO  community  could  be  very  helpful.  Additional  efforts  have  to  be  made  in  the  following 
fields  in  order  to  improve  the  prospects  of  application  of  ram-type  propulsion: 

inlet  stability 

sensibility  concerning  angle  of  attack  and  sideslip 
combustion  stability 
durability  of  heat  protection 
high  density  fuel  management 
particle  combustion  efficiency 
throttling  mechanism  for  solid  propellants 
-  consumable  port  covers  and  booster  nozzles 
supersonic  combustion  of  storable  propellants 

This  list  does  not  claim  to  be  complete,  but  some  of  the  topics  are  appropriate  to  be  subject  of  a  common 


technology  work  of  the  NATO  countries. 

Nomenclature 

A 

Cross-sectional  area 

m 

Mass  flow 

CD 

Drag  coefficient 

P 

Pressure 

CF 

Thrust  coefficient 

q 

Dynamic  Pressure 

F 

Thrust 

R 

Range 

H 

Altitude 

s 

Entropy 

1 

Enthalpy 

T 

Temperature 

isp 

Specific  impulse 

t 

Time 

M 

Mach  number 

9 

Equivalence  ratio 
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Subcripts:  Supercripts: 

0  Free  stream  cond  0  Total 

0  Design 

f  Fuel 
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Fig.  1  -  Types  of  Ram  Propulsion 
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Fig.  9 

Launch  Weight  of  a  Ramjet  Powered 
Missile  as  Function  of  Sustain  Mach 
Number,  H  =  0  km 
(Booster  Weight  Included) 
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INTRODUCT ION/SUMMAR »' 

Active  development  of  the  liquid  ramjet  engine  was  undertaken  by  the  United  States  in  the  early  1950's. 
Successful  development  of  the  BOMARC  and  Talos  long  range  surface-to-air  Interceptor  missiles  was 
accomplished  In  this  time  period  with  Initial  operational  deployment  taking  place  In  1957  and  1959, 
respectively  (Figure  1).  Shortly  thereafter,  similar  surface-to-air  systems  were  developed  and 
operationally  deployeo  by  the  United  Kingdom  and  the  Soviet  Union.  The  United  Kingdom  developed  the 
Bloodhound  MK1  and  Bloodhound  MK2  missile  systems  (Figure  2).  Later  It  developed  the  Sea  Cart  shipboard 
based  surface-to-air  missile  (Figure  2).  During  the  same  time  frame,  the  Soviet  Union  developed  the 
SA-4  GANEF  mobile  surface-to-air  missile  (Figure  3). 

From  the  Inlet  designer's  viewpoint.  It  Is  Instructive  to  note  that  all  of  these  missile  systems 
Incorporated  an  axisymmetrlc  air  Induction  system  Into  the  nose  of  the  vehicle  or  the  nose  of  externally 
mounted  nacelle  or  pod  mounted  engines.  By  today's  standards,  the  design  of  such  Inlets  Is  quite 
straight  forward,  well  documented  and  development  undertaken  with  little  risk. 

In  the  1960/1970  time  period  the  Integral  Rocket-Ramjet  (IRR)  type  of  engine  was  successfully  developed. 
The  operating  principal  of  the  IRR  engine  Is  described  In  Figure  4.  Flight  demonstrations  were  success¬ 
fully  accomplished  in  the  following  programs: 


PROJECT  CROW  1961 

LOW  ALTITUDE  SUPtRSONIC  RAMJET  MISSILE  (LASRM)  1965/1966 

ADVANCED  LOW  VOLUME  RAMJET  (ALVRJ)  1974/1976 

SUPERSONIC  TACTICAL  MISSILE  (STM)  1979 


It  Is  noted  that  each  of  the  flight  tested  IKR  systems  (with  the  exception  of  the  CROW  test  vehicle) 
utilized  a  multiple  aft  mcunttd  Inlet  system  (see  Figure  5).  Furthermore,  the  Soviet  Union  developed 
SA-6  GAINFUL  surface-to-air  missile  system  also  utilizes  a  multiple  aft  mounted  Inlet  system. 

In  recent  years,  we  have  seen  a  growing  Interest  In  the  development  of  advanced  tactical  missile 
systems.  Specifically,  long  range  alr-to-surface,  air-to-air  and  surface-to-air  systems  are  of 
Interest.  The  generalized  misslle/propulslon  system  requirements  for  these  missile  systems  are: 

•  Long  Range 

•  High  Speed 

•  Demanding  Launch  Aircraft  Compatibility  Requirements 

•  High  Packaging  Density  (Missiles  are  typically  volume  limited) 

•  Low  Cost 

These  design  requirements  are  best  satisfied  with  use  of  ramjet  propulsion.  Both  liquid  and  solid  fuel 
engines  are  of  Interest. 

Four  significant  design/mission  characteristics  of  these  proposed  new  missile  systems  are  of  major 
interest  to  the  ramjet  Inlet  designer: 

1.  The  vehicle  forebody  will  house  the  missile  guidance  system,  autopilot  and  payload.  A  nose 
Inlet  vehicle  Is  no  longer  a  viable  design  solution.  (Missile  systems  specifically 
designed  for  storage/firing  from  a  shipboard  oased  box  launcher  may  be  an  exception  to  this 
statement). 

2.  The  ramjet  air  Induction  system  must  be  highly  Integrated  with  the  vehicle  to  result  In  an 
aerodynamlcally  efficient,  minimum  weight  design. 

3.  Integral  rocket-ramjet  engines  are  emphasized. 

4.  The  vehicle  flight  profiles  are  typically  highly  transient  In  terms  of  flight  Mach  number, 
altitude  and  angle  of  attack.  Particularly  In  the  air-to-air  application,  vehicle  maneuver 
requirements  dictate  high  angle  of  attack  operation  (see  Figure  6). 

The  above  described  design/mission  requirements  were  Initially  vlev.ed  with  concern  by  experienced  Inlet 
designers.  They  reasoned  the  following  consequences  of  these  requirements: 
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1.  Installed  inlet  performance  would  be  degraded  as  compared  to  nose  Inlet  systems. 

2.  Successful  development  of  these  inlet  systems  would  be  more  difficult  and  therefore  require 
a  longer,  more  expensive  inlet  development  program. 

The  United  States  has  conducted  inlet  oesign/performance  studies  for  a  number  of  candidate  advanced 
ramjet  powered  missiles.  By  utilizing  favorable  Interference  design  concepts  (vehicle  forebody  and/or 
wing  flow  field  effects,  precomp.-ession  shrouds)  and  compromises  in  inlet  design  parameters  (design  Mach 
number,  contraction  ratio,  bleed  flow)  excellent  installed  inlet  performance  has  resulted.  In  fact, 
installed  inlet  performance  is  often  significantly  improved  when  compared  to  nose  Inlet  systems, 
especially  at  high  angle  of  attack  flight  conditions.  The  inlet  design  concepts/trade-off  parameters 
considered  in  these  programs  will  be  discussed  in  this  lecture. 

DESIGN/PERFORMANCE  TRADE-OFF  PARAMETERS 

The  inlet  designer  must  properly  consider/evaluate  (analytically  and/or  experimentally)  a  number  of 
design  trade-off  parameters  to  configure  the  air  induction  system  which  best  meets  specific  vehicle/ 
system  requirements.  These  Inlet  design  parameters  are  discussed  in  the  paragraphs  which  follow.  To 
facilitate  these  discussions,  the  air  induction  system  (inlet)  station  notation  and  nomenclature  used 
throughout  this  paper  is  presented  in  Figure  7.  In  addition  Figure  8  presents  representative  Inlet 
performance  curves.  The  classical  pT2/pTa,  versus  A^/Ag  Inlet  performance  curve  Is  often 
referred  to  as  a  "candy  cane"  curve  because  of  its  characteristic  shape.  Figure  8  Is  representative  of 
an  Inlet  which  employs  boundary  layer  bleed.  With  such  an  inlet  the  inlet  airflow  definitions 
(A„  /Achotal  and  (A»  Mclpienum  are  required. 

Inlet  Type 

Typically,  three  inlet  types  are  evaluated  for  application  to  advanced  ramjet  powered  tactical  missile 
systems.  These  Inlet  types  are  as  follows: 

Axisymmetric 
Two-dimensional  (2-0) 

Chin 

Representative  performance  for  these  three  inlet  types  is  presented  in  Figure  9.  As  shown  in  this 
figure,  axisymmetric  inlet  performance  deteriorates  rapidly  with  increasing  angle  of  attack.  In  contrast 
to  the  axisymmetric  Inlet,  the  two-dimensional  and  chin  inlet  designs  exhibit  Increasing  inlet  perfor¬ 
mance  (total  pressure  recovery  and  engine  airflow)  with  Increasing  angle  of  attack.  These  performance 
characteristics  are  well  matched  to  advanced  tactical  missile  system  requirements. 

Can  the  angle  of  attack  performance  of  the  axisymmetric  inlet  be  improved?  Yes  by  locating  the  inlet  in 
the  favorable  flow  field  generated  by  the  vehicle  wing.  Using  this  design  technique,  axisymmetric  inlet 
performance  closely  approximates  2-D  inlet  performance  (Figure  10).  However,  it  must  be  recognized  that 
this  design  approach  has  a  serious  limitation.  The  vehicle  wing/inlet  geometry  established  by  wind 
tunnel  testing  must  be  maintained.  This  significantly  increases  the  problem  of  meeting  vehicle  stability 
and  control  requirements.  These  requirements  are  significantly  easier  to  satisfy  if  the  wing  and  inlet 
locations  can  be  treated  as  Independent  variables. 

If  a  2-D  inlet  is  located  in  the  wing  flow  field,  is  its  performance  Improved?  The  test  data  trends  of 
Figure  11  answer  this  question.  Mid-wing  performance  is  approximately  equal  to  the  no-wing  data. 
However,  a  bottom  mounted  wing  improves  inlet  performance,  location  of  the  inlet  between  cruciform 
wings  further  improves  2-D  inlet  performance.  While  this  Increased  performance  ^s  highly  desirable,  the 
fixed  wing/inlet  location  problem  discussed  above  presents  the  vehicle  designer  with  serious  stability 
and  control  design  problems.  j 

Is  there  another  way  to  improve  2-D  Inlet  performance  with  increasing  angle  of j attack?  Yes  use  of  a 
precompression  shroud  can  significantly  increase  2-D  inlet  performance  at  angle  of  attack  operating 
conditions  (see  Figure  12).  The  test  data  trends  shown  In  Figure  12  are  for  a;  precompression  shroud 
design  which  emphasized  ramjet  takeover  thrust/drag  margin  and  high  Mach  number/high  altitude  cruise 
conditions.  \ 

Can  the  precompression  shroud  design  concept  be  applied  to  the  axisymmetric  inlet?,  Experimental  studies 
conducted  by  N/CA  (National  Advisory  Committee  for  Aeronautics)  and  NWC  (U.S.  Navy  -  Naval  Weapon 
Center)  were  disappointing. 

For  the  reasons  discussed  above,  modern  high  performance  ramjet  powered  tactical  missile  designs 
typically  Incorporate  a  chin  (see  Figure  13)  or  two-dimensional  inlet  system.  Use  of  a  highly 
Integrated  two  dimensional  inlet  is  presented  in  Figure  14.  Shown  is  an  Inboard  profile  drawing  of  a 
candidate  ramjet  powered  long  range  air-to-air  missile  design.  Axisymmetric  inlets  are  specified  where 
low  development  risk,  low  weight  and  low  manufacturing  cost  are  major  vehicle  design  drivers. 

Ramjet  powered  missile  systems  specifically  designed  for  storage/firing  from  a  shipboard  based  box 
launcher  or  a  submarine  torpedo  tube  may  be  special  cases.  The  Johns  Hopkins  University/Applied  Physics 
Laboratory  conducted  a  design  study  for  a  SCRAMJET  powered  shipboard  launched  interceptor  missile 
(reported  In  AGARD  publication  AGARD-CPP-307).  Rectangular  and  round  launchers  were  studied.  The  study 
considered  the  following  inlet  options:  (1)  an  axisymmetric  nose  Inlet;  (2)  a  chin  inlet;  and 
(3)  a  single  bottom  mounted  aft  inlet.  Missile  storage  constraints  coupled  with  performance 


2-3 


requirements  resulted  In  selection  of  a  nose  Inlet  system.  Inlet  cowl  area  limitations  were  a  major 
factor  In  this  conclusion.  In  contrast,  several  studies  have  shown  the  chin  Inlet  to  be  compatible  with 
ramjet  powered  missiles  designed  for  firing  from  a  submarine  torpedo  tube.  The  Inevitable  conclusion 
drawn  from  these  studies  is  that  the  design  of  ramjet  powered  vehicles  which  are  stored  and/or  fired 
from  severely  constrained  launchers  must  be  carefully  structured  to  Insure  compliance  with  system 
performance  requirements.  Radar  dish  sl2e  and  bank-to-turn  versus  skid-to-turn  flight  control  must  be 
considered. 


Number  of  Inlets/Inlet  Location 

Multiple  (four)  aft-mounted  inlet  systems  have  been  successfully  employed  in  three  ramjet  propulsion 
flight  research  test  vehicles  and  one  operational  surface-to-air  missile  (see  Figure  5).  This  type  of 
air  Induction  system  functions  well  when  vehicle  angle  of  attack/angle  of  yaw  requirements  are  minimal. 
These  are  typical  operating  requirements  for  supersonic/low  altitude  missile  systems.  However,  as 
discussed  earlier  In  this  paper  and  illustrated  in  Figure  6,  today's  advanced  ramjet  powered  tactical 
missile  systems  (particularly  air-to-air  missiles)  emphasize  high  angle  of  attack  operation  during 
guidance  handover  and  terminal  engagement  maneuvers.  Under  these  operating  conditions,  the  performance 
of  a  multiple  (four)  aft  mounted  inlet  system  Is  poor  as  Illustrated  in  Figure  15.  Consequently, 
advanced  high  performance  tactical  missile  designs  typically  employ  one  or  two  Inlets.  Furthermore,  if 
a  single  Inlet  Is  used.  It  Is  usually  bottom  mounted.  High  Inlet  performance  has  been  demonstrated  with 
forward  (chin)  and  aft  bottom  mounted  single  Inlets.  If  two  inlets  are  used,  they  are  mounted 
approximately  45°  from  the  horizontal  centerline.  The  arguments  for  these  Inlet  locations  Is  the  test 
data  trends  presented  In  Figures  16  and  17.  Photographs  of  a  high  perfoi-mance  chin,  aft  bottom  mounted 
single  and  aft  mounted  dual  Inlet  wind  tunnel  test  model  are  presented  In  Figures  18,  19  and  20 
respectfully. 

Design  Mach  Number 

The  Inlet  design  Mach  number  not  only  strongly  influences  design  point  performance  but  also  off-design 
performance.  Figure  21  presents  the  classical  maximum  total  pressure  recovery  versus  design  Mach  number 
plot.  Although  the  total  pressure  losses  of  external  compression  Inlets  decrease  as  the  number  of 
oblique  shocks  Is  Increased,  It  has  been  found  In  practice  that  the  use  of  discrete  oblique  shocks  In 
excess  of  two  offers  greater  flow  complication  and  less  satisfactory  results  than  “isentroplc"  type 
Inlets. 

Normally,  ramjet  Inlets  are  fixed  geometry  and  designed  for  a  single  Mach  number.  Therefore,  these 
Inlets  must  accept  the  performance  penalties  associated  with  flying  above  and  below  design  Mach  number. 
What  Is  the  effect  of  design  Mach  number  on  off-design  performance?  This  effect,  at  zero  degrees  angle 
of  attack,  Is  presented  In  Figure  22. 

Low  design  Mach  number  Inlets  have  higher  capture  area  ratio  (engine  airflow)  below  the  design  Mach 
number  and  lower  pressure  recovery  above  the  design  Mach  number  when  compared  to  high  design  Mach  number 
Inlets.  The  experimental  axisymmetrlc  Inlet  data  presented  In  Figure  23  confirms  these  trends.  Low 
design  Mach  number  Inlets  emphasize  ramjet  takeover  performance  while  high  Mach  number  inlets  emphasize 
high  vehicle  flight  speed.  However,  It  Is  Important  to  recognize  these  performance  trends  can  be 

significantly  altered  at  moderate  to  high  angle  of  attack  flight  conditions.  Typical  performance  trends 
for  Isolated  two-dimensional,  mixed  compression  (Internal  and  external)  inlets  at  a  moderate  angle  of 
attack  are  presented  in  Figure  24.  The  trends  are  for  inlets  designed  to  be  near  the  maximum  amount  of 
external  and  Internal  compression  at  the  design  Mach  number.  In  the  middle  Mach  number  range,  the  low 
design  Mach  number  Inlet  can  have  both  higher  pressure  recovery  and  capture  area  ratio.  This  Is  because 
the  higher  design  Mach  number  Inlet,  at  angle  of  attack,  operates  unstarted  and  with  or  without  detached 
external  shock  waves  over  a  large  portion  of  the  Mach  number  range.  Therefore,  selection  of  the  inlet 
design  Mach  number  must  carefully  consider  all  pertinent  inlet  design  requirements  and  Is  a  significant 
step  In  the  definition  of  a  new  inlet  design. 

Contraction  Ratio 

Increasing  the  amount  of  external  contraction  Increases  the  overall  pressure  recovery.  This  Is 

accomplished  by  Increasing  the  Inlet  Initial  cone  or  wedge  angle  and/or  the  amount  of  Isentroplc 

compression.  Ultimately  a  "compression  limit"  Is  reached  which  precludes  compression  (externally)  to  a 
pressure  higher  than  can  be  achieved  behind  a  strong  shock.  The  reason  for  this  Is  shown  1r.  Figure  25. 
Static  pressures  must  be  balanced  across  the  vortex  sheet.  This  limits  the  degree  of  external 

compression  to  the  values  shown  in  the  figure.  Generally  speaking  the  consequences  of  designing  an 

Inlet  which  exceeds  the  compression  limit  is  to  spill  air  (decreased  thrust  and  Increased  drag)  at  high 
flight  Mach  numbers  (Figure  25).  Highly  compressed  inlets  result  in  large  flow  angles  at  the  cowl  lip. 
If  the  cowl  lip  Is  flow  aligned  or  positioned  at  some  fixed  angle  relative  to  the  approaching  flow,  then 
cowl  drag  Increases  with  contraction  ratio  (cowl  lip  drag  can  be  decreased  by  misaligning  the  cowl  but 

this  usually  requires  Inlet  bleed  with  associated  bleed  drag).  The  optimum  amount  of  external 

contraction  at  a  given  Mach  number  can  be  found  by  computing  net  engine  thrust  (trading  pressure 
recovery  against  cowl  drag).  The  elements  of  this  optimization  analysis  are  presented  in  Figure  26. 

Such  a  design  optimization  Is  often  accomplished  for  the  ramjet  takeover  flight  condltlon- 

Hlgh  performance  aircraft  typically  employ  variable  geometry  mixed  compression  Inlets.  Mixed  compression 
Inlets  employ  external  and  Internal  contraction.  At  first  examination  the  use  of  a  large  amount  of 
Internal  contraction  would  appear  to  benefit  ramjet  Inlet  performance.  However,  such  Is  not  the  case 
for  two  reasons: 

1)  Variable  geometry  Inlets  are  heavy  and  complex.  Numerous  ramjet  design  studies  which 
examined  the  use  of  variable  geometry  inlets  showed  little  or  no  payoff,  primarily  due  to 
their  added  weight.  However,  hypersonic  ramjet/SCRAMJET  engines  designed  to  operate  over  a 
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2)  Ramjet  engines  are  typically  designed  to  operate  over  a  large  range  of  flight  Mach  numbers 
and  angle  of  attack.  With  a  fixed  geometry  inlet  and  these  demanding  flight  operating 
conditions,  only  a  small  amount  of  internal  compression  can  be  utilized  (~10% 
contraction).  Therefore,  the  maximum  total  pressure  recovery  performance  presented  In 
Figure  21,  which  strictly  speaking  applies  to  external  compression  inlets,  also  generally 
applies  to  fixed  geometry  ramjet  mixed  compression  inlets. 

Figure  27  I’lustrates  the  effect  of  inlet  contraction  on  an  Installed  bottom  mounted,  two-dimensional 
Inlet  at  angle  of  attack.  It  should  be  noted  at  high  angles  of  attack,  the  low  contraction  ratio  in’et 
can  be  better  In  both  pressure  recovery  and  capture  area  ratio.  The  Importance  of  establishing  realistic 
Inlet  design  requirements  early  In  the  missile  development  program  Is  apparent. 

Bleed  Airflow  Rate 

Typically,  Inlet  bleed  flow  can  Improve  the  total  pressure  recovery  of  an  inlet  but  at  the  expense  of 
drag.  Therefore,  In  most  cases,  there  Is  a  bleed  flow  rate  (and/or  configuration)  that  produces  maximum 
net  engine  thrust.  Such  a  bleed  flow  rate/configuration  optimization  is  usually  accomplished  experimen¬ 
tally  for  the  critical  ramjet  takeover  flight  condition.  The  performance  trends  shown  In  Figure  28  are 
from  experimental  data  for  a  bleed  system  with  high  bleed  momentum  recovery. 

Use  of  an  Aerodynamic  Grid 

During  the  flight  test  development  of  the  80MARC  liquid  fuel  ramjet  engine  serious  subsonic  diffuser 
flow  separation  problems  were  experienced,  especially  at  large  angles  of  attack.  These  flow  separations 
resulted  In  poor  diffuser  exit  airflow  and,  therefore,  combustor  entrance  fuel-air  ratio  profiles.  The 
result  was  poor  combustor  performance  and  often  combustor  blow  out.  A  device  known  as  the  aerodynamic 
grid  solved  this  problem. 

The  aerodynamic  grid  is  designed  to  choke  as  the  ramjet  engine  Is  throttled  to  lean  fuel  air  ratios. 
This  limits  the  downstream  travel  of  the  normal  shock  system  Into  the  subsonic  diffuser  -  the  cause  of 
diffuser  flow  separation.  The  choked  grid  also  redistributes  the  diffuser  airflow  much  as  a  screen. 
However,  because  of  Its  carefully  contoured  shape,  the  effect  on  critical  Inlet  recovery  Is  small 
(APT2/Pt2~  .02). 

Figure  29  describes  several  types  of  aerodynamic  grids  tested  In  development  ramjet  engines.  The  round 
hole  grid  and  the  annular  grid  have  found  the  most  use. 

Subsonic  diffuser  exit  flow  profile  test  data,  with  and  without  the  use  of  an  aerodynamic  drag,  are 
presented  In  Figure  30.  These  test  results  speak  fur  themselves. 

The  aerodynamic  grid  has  been  used  in  a  number  of  operational  and  flight  test  ramjet  engines.  Examples 
are  BOMARC,  Talos,  Typhoon,  Bloodhound,  and  ASALM.  A  grid  will  not  be  required  if  the  design  can 
tolerate  shock  Induced  separation  In  the  subsonic  diffuser  without  adverse  effects  on  the  structure 
(back  burning)  or  on  combustion  efficiency. 

Subsonic  Diffuser  Design 

The  design  of  a  high  performance  subsonic  diffuser  Is  strongly  influenced  by  flight  vehicle  geometric 
constraints  such  as  available  length  and  combustor  offset.  “S"  shaped  diffusers  are  often  employed  in 
ramjet  powered  flight  vehicles  and  are  particularly  troublesome.  Good  performing  diffusers  (straight 
and  "S"  shaped)  have  been  developed  using  an  effective  conical  flow  expansion  angle  of  3  to  5  degrees. 
Rapid  inflections  In  diffuser  wall  contours  should  be  avoided.  If  subsonic  diffuser  flow  separation  Is 
experienced  the  use  of  an  aerodynamic  grid  will  often  greatly  Improve  diffuser  performance. 

Inlet  Drag 

Inlet  drag  plays  a  strong  role  In  the  design  and  development  of  a  high  performance  ramjet  Inlet/ 
diffuser.  Mr.  E.  L.  Goldsmith  of  the  Royal  Aircraft  Establishment  will  address  this  important  subject 
In  his  lecture. 

Subcrltical  Stability 

Figure  31  presents  total  pressure  recovery/capture  area  ratio  characteristics  for  a  high  performance  and 
a  low  pe-formance  Inlet  design.  Both  Inlets  have  the  same  supercritical  A„/Ac.  As  is  often  true  in 
practice,  the  low  performance  Inlet  (PTj/Pt^  )  has  subcrltical  margin  while  the  high  performance 
Inlet  does  not.  The  constant  slope  lines  (p"'2/Pt„  /Ac)  represent  lines  of  constant  ramjet 
combustor  heat  release  or  fuel-air  ratio.  Since  it  Is  undesirable  to  permit  the  inlet  to  buzz,  a  high 
performance  inlet  Is  usually  required  to  operate  at  some  margin  (5<  to  in*  In  pressure  recovery).  This 
requirement  Is  due  to  accuracy  or  repeatability  in  test  data  or  changes  1r.  afciospherlc  conditions.  This 
requires  a  pressure  recovery  limiter  control.  However,  as  can  be  seen  In  the  figure,  a  lower 
performance  Inlet  with  sufficient  subcrltical  stability  can  provide  the  same  margin  (or  more),  thus 
eliminating  the  need  for  a  pressure  recovery  limiter  control.  This  subject  will  be  further  discussed  In 
the  second  portion  of  this  lecture. 

Vehicle  Forebody  Effects 

For  a  given  Inlet  geometry  and  location,  the  shape  of  the  vehicle  forebody  can  have  a  significant  effect 
on  Inlet  performance.  Whether  this  effect  Is  large  or  small  depends  on  Inlet  size,  Inlet  type  and 
axial,  radial  and  circumferential  location.  For  completeness.  It  is  pointed  out  that  selection  of  the 
vehicle  forebody  shape  is  usually  dictated  by  airframe  packaging  or  radome  slope  error  considerations. 
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Typical  vehicle  forebody  shape  effects  on  inlet  performance  are  presented  in  Figure  32. 

An  Important  aspect  of  vehicle  forebody  effects  Is  the  definition  of  the  local  flow  field  de’lvered  to 
the  inlet.  Rap i d  advances  are  being  made  in  the  modeling  and  computation  of  these  flow  fields.  This 
important  subject  will  also  be  discussed  by  Mr.  Goldsmith. 

Comparison  of  Wind  Tunnel  and  Flight  Test  Inlet  Data 

The  primary  tool  used  to  develop  a  high  performance  ramjet  inlet  is  the  high  pressure  (high  Reynolds 
number)  blow  down  type  of  wind  tunnel.  A  question  often  asked  is  "How  well  do  wind  tunnel  end  flight 
test  inlet  data  compare?"  The  test  data  typically  compare  quite  favorably  as  demonstrated  in 
Figure  33. 

Additional  Inlet  Design  Considerations 

In  addition  to  the  major  inlet  design  parameters  discussed  above,  several  other  factors  may  significantly 
Influence  the  air  Induction  system  design  process.  These  additional  considerations  are  listed  below: 

•  Vehicle/Engine  Radar  Cross  Section 

«  Air  Induction  System  Impact  on  Vehicle  Aerodynamics 

•  Inlet  Pressure  Margin 

•  Combustor  Entrance  Profiles 

•  Combustor  Pressure  Oscillations 

•  Inlet  Fabrication  Cost 

•  Inlet  Weight 
RECOMMENDED  INLET  DEVELOPMENT  PLAN 


The  Marquardt  Company  has  conducted  Inlet  design/performance  studies  (Including  inlet  model  wind  tunnel 
testing)  for  several  advanced  ramjet  powered  missiles.  In  the  conduct  of  these  design/development 
studies,  a  preferred  or  recommended  inlet  development  plan  has  emerged. 

The  basic  elements  of  this  plan  are  presented  below: 

1.  Establish  inlet  performance/design  requirements. 

2.  Perform  computer-aided  inlet  analysis  and  design  studies. 

3.  Conduct  inlet/vehicle  system  performance  trade-off  studies. 

4.  Conduct  inlet  wind  tunnel  test  program: 

•  Installed  Tests 

•  Isolated  Tests 

•  Flow  Field  Tests 

5.  Conduct  vehicle  force  and  moment  wind  tunnel  test. 

6.  Estimate  engine/vehicle  system  performance. 


INLET  SUBCRITICAL  STABILITY/3UZZ 

BACKGROUND 

Virtually  every  Inlet  designer  has  experienced  the  phenomenon  of  Inlet  instability,  commonly  referred  to 
as  buzz.  In  the  development  of  a  high  performance  supersonic  Inlet.  D.  D.  Wyatt  In  his  excellent  paper 
titled  *A  Review  of  Supersonic  Air  Intake  Problems'1  (Reference  1)  described  inlet  instability  as  follows: 

"Generally  the  supercritical  flow  regime  of  supersonic  intake  systems 
ischaracterized  by  a  steady  flow  discharge  rate.  In  some  cases  there 
are  nonstationary  oscillations  but  these  are  generally  of  such  a  low 
order  of  amplitude  that  serious  structural  or  engine  operation  problems 
are  unlikely.  It  is  probable  that  these  low-order  oscillations  arise 
from  unsteady  boundary- layer  separation  in  the  subsonic  diffuser.  In 
many  Intake  designs,  however,  the  steady  flow  breaks  down  In  the 
subcrltical  regime.  The  terminal  shock  wave  undergoes  violent 
excursions  In  position  from  well  ahead  of  the  cowl  to  far  down  in  the 
subsonic  diffuser.  This  phenomenon  is  accompanied  by  severe 
fluctuations  in  mass  flow  and  pressure  recovery." 

We  believe  this  description  is  too  good  to  be  improved  upon.  During  recent  development  of  a  high 
performance,  dual  aft  mounted,  two  dimenslotal  Inlet,  we  installed  a  small,  flush  mounted,  high  frequency 
response,  piezo  electric  static  pressure  transducer  in  the  diffuser.  A  representative  pressure  trace 
from  this  test  series  Is  presented  in  Figure  34.  In  this  test  subsonic  diffuser  back  pressure  was 
increased  (throttle  plug  movement)  until  buzz  was  experienced.  Figure  1  clearly  shows  the  noise  output 
of  the  inlet  normal  shock  system  during  "steady  state"  operation  and  the  large  amplitude  pressure 
oscillations  associated  with  classical  "buzz".  Thus  Figure  34  clearly  supports  Wyatt's  buzz  description. 
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Inlet  Instability  with  relatively  little  success.  In  reviewing  the  inlet  literature  there  are  data  for 
a  few  inlet  configurations  which  Indicate  some  degree  of  stable  subcritical  operation,  particularly  at 
the  lower  Mach  numbers  (M0<2).  8y  and  large,  through,  the  approach  taken  has  been  to  design  a  high 
performance  inlet  (which  generally  has  little  or  no  stable  subcritical  operation)  and  to  avoid 
subcritical  operation  by  providing  an  inlet  supercritical  operating  mode  insured  by  a  shock  position 
control.  This  control  either  limits  fuel  flow  to  the  engine  or  opens  up  a  bypass  door  downstream  of  the 
inlet  minimum  flow  (throat)  section.  Such  approaches  are  common  in  supersonic  liquid-fueled  ramjet  and 
turbojet  applications,  respectively. 

Recent  Impetus  to  provide  a  margin  of  stable  subcritical  inlet  operation  has  come  from  the  following 
sources:  (1)  In  liquid-fueled  systems,  cost  reductions  could  be  achieved  if  the  shock  positioner 
control  could  be  eliminated.  (2)  The  development  of  the  solid  fueled  ducted  rocket  (ramrocket)  for 
tactical  operations  has  indicated  a  possible  neea  for  some  margin  of  subcritical  operation.  There  is 
current  Interest  in  a  throttleable  solid  fuel  gas  generator,  however,  the  propellant  flow  rate  will  not 
be  controllable  to  the  same  extent  nor  for  the  same  reasons  as  the  liquid  system  and,  in  addition,  the 
flow  rate  is  subject  to  large  variations  as  a  function  of  the  gas  generator  soak  temperature  (zrx 
effects). 

A  third  reason  for  reviewing  the  possibility  of  subcritical  operation  is  shown  in  Figure  35.  The  dotted 
line  represents  a'  typical  pressure  recovery-airflow  characteristic  of  a  high  performance  inlet.  The 
critical  pressure  recovery  is  point  A;  however,  due  to  the  lack  of  subcritical  stability,  an  inlet 
margin  is  provided  such  that  the  Inlet  operates  at  point  B.  Now,  if  an  Inlet  providing  subcritical 
stability  could  be  provided  with  a  critical  pressure  recovery  equal  to  the  derated  recovery  of  the  high 
performance  inlet  (as  shown  by  the  solid  lines  in  Figure  35),  comparable  internal  performance  and  thrust 
would  be  generated.  A  brief  look  at  the  trade-offs  between  high  performance  and  alternate  inlet 
approaches  suggest  that,  In  order  to  be  attractive,  the  alternate  inlet  should  provide  a  critical 
pressure  recovery  within  10%  of  that  of  the  conventional  inlet.  The  amount  of  stable  subcritical 
stability  required  is  not  well  defined  but  probably  should  be  in  the  range  of  10%-20%  In  terms  of 
capture  airflow  at  the  design  Mach  number.  Due  to  the  airflow  matching  characteristics  of  typical 
ramjet  engines,  subcritical  stability  Is  required  mostly  at  the  lower  Mach  numbers  of  the  flight 
envelope.  At  the  higher  flight  speeds  the  inlet  generally  operates  with  Increasing  amounts  of 
supercritical  operation  unless  a  variable  geometry  exit  nozzle  Is  employed.  Can  Inlets  with  a  large 
measure  of  subcritical  stability  be  developed?  The  answer  is  not  clear  as  discussed  below. 

SOURCES  OF  INSTABILITY 

The  sources  of  instability  are  generally  well  known  and  are  discussed  in  the  literature.  Ferri  and 
Nucci  In  Reference  3,  for  example,  explained  a  mechanism  for  buzz  by  the  presence  of  a  vortex  sheet 
entering  the  inlet.  Daily  (Reference  4)  attributed  instability  to  choking  on  one  side  of  the  vortex 
sheet  In  the  throat  or  minimum  flow  area  of  the  Inlet.  Tromnsdorff  In  Reference  5  noted  that  a  strong 
expelled  shock,  during  subcritical  operation,  could  cause  boundary  layer  separation  which  could 
alternated  choke  and  unchoke  the  inlet  throat.  Ferri  and  Nucci  also  discussed  the  possibility  of 
boundary  layer  separation  from  the  inner  cowl  rather  than  the  centerbody.  Orlln  and  Dunsworth,  in 
Reference  6,  present  two  inlet  stability  criteria.  They  argue  that  if  either  of  these  criteria  are 
exceeded.  Inlet  buzz  will  occur.  However,  In  order  to  make  predictions  as  to  when  instability  will 
occur,  a  knowledge  of  the  flow  field  downstream  of  the  expelled  shock  and  on  each  side  of  the  vortex 
sheet  is  required.  Orlln  and  Dunsworth's  stability  criteria  will  be  presented  later  in  this  paper 
(lecture). 


INLET  LITERATURE  SURVEY 


The  following  paragraphs  of  this  paper  (lecture)  present  a  brief  and  highly  selective  survey  of  material 
that  appears  In  the  literature  pertaining  to  the  achievement  of  subcritical  stability  in  supersonic 
inlets.  Including  comments  given  either  to  explain  the  cause  of  the  instability  or  means  of  alleviating 
it. 


Boundary  Layer  Separation 

Many  researchers  report  that  boundary  layer  separation  on  the  centerbody  (compression  surface)  reduces 
the  subcritical  stability  margin  and/or  initiates  buzz.  The  NACA,  in  1953,  designed  and  tested  side 
Inlets  suitable  for  application  to  high  performance  aircraft.  These  Inlets  were  designed  for  Mach  1.88 
and  2.93  and  were  tested  with  various  types  of  boundary  layer  removal  systems.  The  inlets  were  half  of 
an  axlsymmetrlc  design  mounted  on  a  flat  plate  to  generate  a  boundary  layer  approaching  the  inlets  to 
simulate  that  generated  on  the  fuselage.  The  cone  half-angles  were  25  and  30  degrees  for  the  Mach  1.88 
and  2.93  designs,  respectively.  Figure  36  presents  a  sketch  of  the  cowl- lip  scoop  boundary  layer 
removal  system.  It  will  be  noted  that  the  Inlet  centerbody  was  mounted  flush  to  the  flat  plate.  The 
data  In  Reference  7  indicates  significant  Improvement  in  critical  pressure  recovery,  peak  pressure 
recovery,  and  subcritical  stability  when  the  height  of  the  boundary  layer  scoop  shown  in  Figure  36  was 
Increased  above  the  boundary  layer  thickness  generated  on  the  approach  flat  plate.  These  test  results 
are  reproduced  In  Figure  37.  At  the  highest  scoop  heights  tested  the  Mach  2.93  design  achieved  about 
8.4  percent  stable  subcritical  margin  whereas  the  Mach  1.88  design  achieved  about  25  percent  margin. 
With  the  concial  compression  surface  mounted  on  a  flat  plate,  the  circumferential  pressure  gradient 
tends  to  direct  the  boundary  layer  off  the  cone  toward  the  flat  plate  and  the  cowl  lip  scoop  thus 
providing  an  effective  boundary  layer  removal  system.  The  test  data  of  Reference  7  illustrates  that 
effective  boundary  layer  control  upstream  of  the  inlet  throat  delays  the  onset  of  Instability  related  to 
boundary  layer  separation. 
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Project  Plgel  Inlet  Development  Experience 


In  the  early  1950's  a  series  of  axi symmetric  inlet  development  tests  were  conducted  in  support  of  the 
Rigel  program.  This  .  amjet  powered  test  vehicle  was  designed  for  cruise  at  Mach  2.0.  In  this 
development  program  Inlets  were  designed  and  tested  with  design  Mach  numbers  of  2.0,  2.3,  and  3.85.  The 
salient  design  characteristics  and  subcritical  stability  performance  of  these  Inlets  Is  summarized  in 
Figure  38. 

Inlet  subcritical  stability  tost  data  often  follow  the  trend  shown  in  Figure  39;  inlet  subcritical 
stability  is  minimum  or  nonexistent  at  the  inlet  design  Mach  number  but  increases  significantly  '.<hen  the 
inlet  is  operated  at  less  than  design  Mach  number.  The  Rlgel  test  data  presented  in  Figure  38  generally 
follow  this  data  trend.  This  subcritical  stability  data  trend  is  one  reason  why  inlets  are  often 
designed  for  a  higher  Mach  number  than  the  ramjet  takeover  Mach  number. 

Figure  40  is  presented  to  show  the  effect  of  boundary  layer  bleed  on  the  cone  surface  ahead  of  the 
cowl.  These  data  are  for  the  Mach  number  3.35  inlet  when  tested  at  Mach  1.92.  It  is  clear  that 
boundary  layer  bleed  significantly  improved  both  critical  pressure  recovery  and  subcritical  stability. 

It  is  noted  that  all  of  the  Rlgel  Inlets  were  of  the  mixed  compression  type.  Therefore,  at  the 
Mach  1.66  test  condition,  these  Inlets  operated  unstarted  (choked  inlet).  We  believe  this  contributed 
to  their  large  subcritical  stability  margins  but  reduced  total  pressure  recovery  at  this  test  condition. 

University  of  Minnesota/R.  Hermann's  Supersonic  Inlet  Research 

Rudolph  Hermann,  in  his  inlet  textbook  (Reference  11),  reported  the  test  results  of  an  axi symmetric 
mixed  compression  inlet  designed  for  Mach  3.0.  The  inlet  had  a  half-cone  angle  of  30  degrees  with  a 
9.2  percent  internal  contraction  and  an  Internal  cowl  angle  of  21.7  degrees  (flow  aligned).  The 
pressure  recovery-capture  area  data  for  test  Mach  numbers  of  2.0  and  3.0  are  shown  in  Figure  41.  When 
tested  at  the  design  condition,  Mq  *  Mg  «  3.0,  the  inlet  had  zero  subcritical  margin.  However,  when 
tested  at  Mach  2.0,  the  Inlet  was  unstarted  (choked  throat),  and  a  17  percent  stable  subcritical  margin 
resulted.  This  represented  only  the  last  data  point  tested  and  thus  the  margin  may  have  been  greater 
than  17  percent.  Hermann  observed,  that  for  an  inlet  operating  unstarted,  if  the  expelled  shock  wave 
becomes  unstable  it  can  only  oscillate  between  an  upstream  position  and  the  supercritical  expelled 
position.  This  Is  because  as  the  shock  moves  downstream  a  position  is  reached  where  the  Inlet  throat 
becomes  choked.  This  prevents  further  motion  of  the  shock  such  that  it  cannot  enter  the  cowl  therefore 
the  magnitude  of  the  pressure  variation  is  small. 

It  is  noted  that,  for  the  inlet  tested  by  Hermann,  the  triple  point  (origin  of  the  vortex  sheet)  is 
outside  the  cowl  lip  at  M0  «  2.0  for  supercritical  and  critical  operation.  As  the  inlet  is  throttled, 
the  vortex  sheet  may  cross  the  cowl  lip  but  this  will  occur  at  large  values  of  subcritical  operation. 

At  M0  ■  Mp  *  3.0,  the  Inlet  operates  In  a  mixed  compression  mode  and  the  triple  point  crosses  the 
cowl  lip  as  the  Inlet  is  throttled.  The  vortex  angle  at  the  triple  point  is  computed  to  be  4.5  degrees 
compared  to  the  cowl  lip  Internal  angle  of  21.7  degrees.  This  misalignment  (16.2  degrees)  is  thought  to 
contribute  to  the  lack  of  subcritical  stability  observed  at  Mach  3.0. 

COMPRESSION  RATIO  LIMITS  ANALYSIS 

Orlin  and  Dunsworth  In  1951  published  a  report  on  criterion  for  flow  instability  in  supersonic  diffuser 
Inlets  (Reference  6).  Stated  briefly  one  of  their  conclusions  was  "The  parameter  determining  the  flow 
Stability  through  a  supersonic  diffuser  Is  the  rate  of  change  of  inlet  static  pressure  (at  the  cowl 
station)  with  mass  flow.  Stable  subcritical  flow  occurs  in  the  region  of  operation  for  which 
dPi/dAo  has  negative  values  and  the  stability  limit  is  reached  when  dPi/dA0  becomes  equal  to 
zero." 

Two  separate  conditions  lead  to  dP^/dAo  «  0  and  hence  to  instability.  As  the  inlet  mass  flow  Is 
reduced,  the  slope  of  the  Inlet  total  pressure  curve  with  airflow  may  be  negative,  zero,  or  positive 
depending  upon  Mach  number  and  Inlet  geometry.  Continuity  relations  between  the  freestream  and  cowl 
station  may  be  written  to  show  that  if  the  slope  of  the  pressure  recovery  curve  is  negative  or  zero,  the 
slope  of  the  static  pressure  will  be  negative.  If  the  slope  of  the  pressure  recovery  curve  Is  positive 
by  a  given  amount,  the  slope  of  the  static  pressure  curve  will  go  to  zero.  Figure  42  presents  an 
example  of  zero  slope  instability. 

The  second  condition  leading  to  Instability  Is  the  reaching  of  a  compression  limit.*  The  following 
sketch  Is  taken  out  of  Reference  6  to  illustrate  this  point.  It  was  assumed  that  the  static  pressure 
across  the  cowl  station  CLB  was 
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uniform.  Through  segment  CL  the  total  pressure  Pjo'  Is  essentially  that  associated  with  a  normal  shock 
at  the  local  freestream  Mach  number  Mg.  The  pressure  recovery  through  segment  LB  in  the  sketch  Is 
somewhat  higher  than  Ppo'.  having  passed  through  an  oblique  shock  and  a  strong  shock  at  a  Mach  number 
less  than  Mq.  In  this  sketch  If  the  static  pressure  at  the  cowl  station  should  equal  or  exceed  the 
total  pressure  Ppo'  the  flow  across  CL  will  stagnate  and  require  flow  reversal  (hence  Instability). 
Figures  43  and  44  present  examples  of  compression  limit  Instability.  In  these  figures  the  term  control 
pressure  Is  equal  to  Pto'/TTo,* 

Figures  43,  44  and  45  demonstrate  that  Orlln  and  Cunsworth  Instability  criteria  has  merit.  However,  Its 
value  .s  limited  unless  an  analytical  technique  Is  available  to  calculate  the  variation  of  total  pressure 
recovery  and  cowl  pressure  as  a  function  of  airflow. 

Marquardt  has  used  a  simplified  procedure  using  the  equations  of  continuity  combined  with  assumptions  of 
the  expelled  shock  shape,  to  compute  cowl  pressure  with  variations  in  Inlet  airflow  (A0).  This 
technique  Is  tedious  and  approximate  at  best.  With  the  rapid  advances  being  made  In  computational 
aerodynamics,  perhaps  a  good  analytical  model  can  be  developed. 

RECENT  MARQUARDT  TESTS 


'  s  ’.  In  1974  Marquardt  tested  an  axl symmetric  Inlet  which  operated  in  the  unstarted  mode  at  Its  design  Mach 

r  »  /  number  of  approximately  2.0.  Ferrl  suggested  this  design  approach  In  1958  (see  Figure  45  and 

iv*  f  Reference  1).  The  subcrltlcal  stability  of  this  Inlet  was  excellent;  however.  Its  total  pressure 

1  recovery  was  reduced  when  compared  to  high  performance  Inlet  designs. 


Using  the  design  philosophy  of  this  Inlet,  Its  design  Mach  was  Increased  to  3.0.  The  subcrltlcal 
stability  of  this  Inlet,  at  Its  design  point,  was  zero.  Study  of  the  test  data  and  shadowgraphs, 
supported  by  analysis  led  to  the  following  conclusions. 


1.  The  achievement  of  stable  subcrltlcal  operation  becomes  more  difficult  as  the  design  Mack 
number  Is  Increased.  The  reasons  for  this  Increased  difficulty  are  two-fold,  namely,  (1)  tht 
Increased  tendency  for  shock-induced  boundary  layer  separation  on  the  compression  surfaces,  set 
Figure  46,  and  (2)  the  Inlet  compression  limits  are  more  easily  broached  as  the  design  Macl 
number  Is  Increased. 

2.  There  Is  evidence  that  the  entrance  of  a  vortex  sheet  Into  the  Inlet  Is  not  of  ItseV 
sufficient  to  cause  Inlet  Instability.  There  Is  evidence,  however,  that  a  highly  negative  angleo 
vortex  at  the  lip  may  cause  boundary  layer  separation  from  the  Internal  cowl  lip.  This  sltuatlor 
can  occur  only  at  Mach  numbers  equal  to  the  Inlet  design  Mach  number  when  the  triple  point  Is  at 
or  near  the  lip.  At  Mach  numbers  above  the  design  Mach  number  the  triple  point  Is  below  and  away 
from  the  Inlet  lip.  At  Mach  numbers  below  the  design  Mach  number  the  Inlet  must  spill 
considerable  airflow  before  the  vortex  sheet  crosses  the  Inlet  lip.  As  the  expelled  shock  moves 
forward,  shadowgraph  and  schlleren  photographs  Indicate  that  the  vortex  sheet  angle  rapidly 
departs  from  the  two-dimensional  value  which  must  exist  at  the  triple  point.  In  the  case  of 
axially  symmetric  flow  the  vortex  sheet  angle  appears  to  approach  that  of  an  axially  symmetric 
flow  field  streamline.  Thus,  downstream  of  the  triple  point  the  vortex  sheet  angle  Is  positive. 
It  Is  thought  that  the  angle  of  the  vortex  sheet  relative  to  the  Internal  cowl  angle  Is  Important, 
with  small  displacements  In  these  angles  having  less  tendency  for  creating  separation  from  thi 
cowl  lip.  This  observation  leads  to  the  conclusion  that  the  internal  cowl  should  not  be  flo* 
aligned  at  the  design  Mach  number  as  Is  done  In  many  conventional  Inlet  designs.  Rather,  the 
cowl  should  be  aligned  to  produce  a  slight  positive  angle  of  attack  with  respect  to  the  vortex 
sheet  that  results  when  the  Inlet  goes  subcrltlcal  ai.  Its  design  Mach  number.  In  addition,  11 
may  be  found  that  cowl  bleed  could  enhance  subcrltlcal  stability  for  those  cases  where  Internal 
cowl  boundary  layer  separation  Is  a  factor. 

3.  The  Orlln  and  Ounsworth  Inlet  stability  criteria  were  applicable  to  the  Mach  2.0  and  3.1 
designs.  This  provided  valuable  Insight  Into  the  design  modifications  required  to  Improve  Inlel 
stability  at  Mach  3.0. 

Modified  Mach  3.0  Inlet  designs  were  tested  with  success.  Inlet  stability  was  achieved  at  the  deslgi 
Mach  number,  without  the  use  of  boundary  layer  bleed.  However,  the  use  of  bleed  Improved  subcrltlca' 
stability  and  total  pressure  recovery.  As  expected,  however.  Inlet  total  pressure  recovery  was  reduce< 
when  compared  to  high  performance  Inlet  designs.  Specific  missile  system  performance  trade-off  studlei 
are  required  to  properly  evaluate  the  merit  of  this  type  of  Inlet. 

EARLY  MARQUARDT  EFFORTS  AT  BUZZ  SUPPRESSION 

As  an  outcome  of  an  extensive  review  of  available  Information  In  the  field,  Marquardt,  In  1955,  designet 
a  buzz  suppression  device  which  could  be  applied  to  „ny  axlsymmetrlc  supersonic  Inlet  and  which  woult 
leave  supercritical  operation  unaffected.  The  device  consists  of  two  parts  (see  Figure  47). 

1.  An  annular  slot,  flush  with  the  Inlet  center  rone,  located  ahead  of  the  cowl  lip. 

2.  A  chamber  formed  by  the  hollow  Inner  body  of  the  Inlet  cone,  which  communicates  with  thi 
slot  and  Is  otherwise  closed. 

The  mode  of  operation  of  the  device  Is  that  the  chamber  acts  as  a  pressure  reservoir  which  absorbs  0! 
counteracts  the  pressure  and  shock  wave  fluctuations  characteristic  of  the  onset  of  diffuser  Instability 
The  stabilizing  effect  on  the  expelled  shock  wave  Is  Illustrated  In  the  schlleren  photograph  (Figure  43) 


Aerodynamic  models  of  two  different  Inlets,  a  50  degree  cone  and  an  Isentroplc  spike,  were  tested  over  a 
range  of  conditions  with  and  without  the  suppressor  and  the  results  were  encouraging.  Figure  49  shows 
the  Improvement  achieved  through  the  use  of  the  device  In  early  tests.  Of  particular  Interest  was  the 
relatively  greater  Improvement  at  Mach  numbers  near  design.  Here,  stability  fell  to  very  low  values 
without  the  suppressor,  but  with  the  suppressor  attached,  stability  Increased. 

The  buzz  suppressor  was  also  tested  In  1956  on  a  ramjet  engine  at  Mach  2.2/7  degrees  angle  of  attack 
test  conditions.  Since  percent  spillage  could  not  be  measured  accurately  In  the  particular  Installation 
employed,  the  Indications  are  qualitative.  However,  the  baseline  engine,  which  could  be  made  to  buzz 
and  blow  out  at  .072  fuel-air  ratio,  remained  buzz-free  at  .074  fuel -air  ratio  when  the  suppressor  was 
attached. 

A  buzz  suppressor  patent  (No.  3,046,733)  was  granted  to  The  Marquardt  Company  In  1962.  Figure  50  from 
this  patent.  Indicates  that  the  surge  chamber  volume  was  divided  up  Into  four  separate  sections  "so  that 
each  space  operates  Independently  of  the  other  at  angle  of  attack." 

Although  the  buzz  suppression  research  briefly  described  above  was  highly  encouraging,  ramjet  engine 
packaging  requirements  precluded  Its  use.  The  ramjet  air  turbine  driven  fuel  pump  and  fuel  control  were 
packaged  Into  the  centerbody  of  the  early  ramjet  engines  such  »s  BOMARC.  The  use  of  a  buzz  suppressor 
has  not  been  considered  In  recent  years. 

CONCLUDING  REHARKS 

The  arguments  for  a  supersonic  Inlet  which  possesses  a  large  amount  of  subcrltlcal  stability  are 
Impressive.  However,  survey  of  the  extensive  experience  In  this  research  field  leads  to  two  Important 
conclusions: 

1.  Inlet  designs  which  feature  subcrltlcal  stability,  almost  without  exception,  operate  at 
critical  total  pressure  recoveries  significantly  less  than  can  be  achieved  with  high 
performance/no  stability  designs. 

2.  Currently  there  Is  no  analytical  technique  that  can  be  used  to  design  high  stability 
Inlets.  The  Inlet  designers1  experience  and  the  wind  tunnel  are  the  tools  used  to  develop 
such  Inlets.  This  Is  an  expensive  and  sometimes  dangerous  path  to  follow.  The  development 
of  a  new  ramjet  engine/flight  vehicle  Is  Initiated  assuming  specific  engine  component 
efficiencies  and  operating  characteristics.  If  it  Is  Initially  assumed  that  a  high 
stability  Inlet  can  be  developed  and  later  test  results  say  stability  cannot  be  achieved, 
program  cancellation  Is  a  real  consideration.  Most  engine/inlet  designers,  faced  with  this 
possible  situation,  usually  specify  high  performance  inlet  designs  that  do  not  require 
subcrltlcal  operation  to  meet  engine/flight  vehicle  performance  requirements.  If  a  high 
stability  Inlet  Is  truly  required.  Its  performance  must  be  convincingly  demonstrated  before 
Initiation  of  the  engine  development  program. 


MULTIPLE  AFT  INLET  PERFORMANCE 


Multiple  (four)  aft-mounted  Inlet  systems  have  been  successfully  used  In  several  ramjet  flight  test 
vehicles  and  one  operational  missile  system  (see  Figure  5).  We  believe  the  reasons  for  selection  of 
this  type  of  Inlet  system  were  as  follows: 

1.  Vehicle  packaging  constraints  did  not  permit  use  of  a  nose  Inlet  system. 

i 

2.  With  a  liquid  fuel  ramjet  the  Increased  shear  contact  area  provided  by  four  Inlets  dumping 
Into  a  common  combustor  results  In  high  combustion  efficiency  with  a  short  length  combustor. 

3.  It  Is  logical  to  assume  that  the  performance  of  a  ducted  rocket  ejector  Is  maximized 
through  use  of  a  large  number  of  air  Inlets  located  uniformly  around  the  periphery  of  a 
centrally  located  gas  generator  (this  subject  Is  discussed  later  In  this  lecture). 

4.  The  flight  vehicles  were  designed  for  operation  at  low  altitude,  therefore,  angle  of  attack 
and/or  yaw  requirements  were  quite  small. 

As  flight  vehicle  attitude  and  maneuver  operating  requirements  Increase,  the  demand  for  inlet  operation 
at  high  angle  of  attack  becomes  a  demanding  requirement.  What  are  the  performance  characteristics  of  a 
multiple  aft  Inlet  system  at  large1  angles  of  attack?  Figure  15  presents  the  performance  trends  for  an 
aft  mounted  Inlet  system.  The  performance  of  such  a  system,  at  angle  of  attack,  Is  poor.  The  test  data 
also  indicate  that  a  H+"  inlet  configuration  Is  preferred  to  an  “Xn  configuration. 

Are  these  Inlet  performance  trends  supported  by  other  test  programs?  Yes  -  Krohn  and  Trlesch  of  DFVLR 
(West  Germany)  reported  similar  results.  Their  test  data  for  an  "X"  and  a  "+"  aft-mounted  inlet  system 
(half  axlsymmetrlc  Inlets)  Is  presented  in  Figures  51  and  52.  Study  of  these  data  lead  to  the  same 
conclusions  as  discussed  above.  Krohn  and  Trlesch  data  also  shows  extensive  regions  of  reversed  Inlet 
flow. 

The  reasons  for  the  poor  angle  of  attack  performance  of  an  aft-mounted  Inlet  system  Is  well  understood. 
With  a  vehicle  operating  at  large  angle  of  attack,  the  four  Inlets  "see"  significantly  different  flow 
fields.  These  flow  field  characteristics  are  summarized  as  follows: 
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1.  The  local  Mach  number  and  flow  angle  delivered  to  the  bottom  Inlet  are  reduced  when 
compared  to  free  stream  Mach  number  and  angle  of  attack.  These  characteristics  result  In 
high  Inlet  performance. 


2.  The  airflow  Is  accelerated  around  the  vehicle  forebody  such  that  the  local  flow  angle  and 
Mach  number  delivered  to  the  side  mounted  Inlet  Is  often  larger  than  the  flight  vehicle 
angle  of  attack.  With  most  Inlets  this  flow  field  results  In  degraded  Inlet  performance. 

3.  The  local  flow  delivered  to  the  top  Inlet  Is  the  real  problem.  An  Inlet  located  on  the  lee 
side  of  the  vehicle  forebody  typically  sees  regions  of  flow  separation,  reduced  total 
pressure  and  vortices.  The  twin  vortices  are  particularly  troublesome.  The  flow  field 
characteristics  on  the  lee  side  of  an  ogive  forebody  were  experimentally  mapped  by 
Trlesch.  The  results  of  this  test  program  are  presented  In  Figure  53.  The  presence  of  the 
forebody  twin  vortices  are  beautifully  Illustrated. 

Aft-mounted  Inlet  systems  typically  employ  a  single  combustion  chamber.  Therefore,  as  engine  back 
pressure  Is  Increased,  the  Inlet  operating  at  the  lowest  total  pressure  recovery  (usually  the  lee  side 
Inlet)  Is  driven  critical  and  then  subcritlcal/buzz.  Under  these  conditions  the  Inlet  system  spills  air 
with  a  major  loss  In  engine  thrust  and  In  severe  cases,  experiences  Inlet  flow  reversal.  Flight 
operation  under  these  conditions  Is  not  practical.  What  can  be  done  to  Improve  the  situation? 


Strakes  have  been  used  with  some  success  In  high  performance  aircraft.  However,  as  discussed  earlier  In 
this  paper  (lecture),  we  believe  that  high  performance  ramjet  powered  vehicles,  which  typically  require 
high  angle  of  attack  operation,  should  employ  one  or  two  Inlets.  If  a  single  inlet  Is  used.  It  Is 
usually  bottom  mounted.  High  Inlet  performance  has  been  demonstrated  with  chin  (forward)  and  aft  bottom 
mounted  Inlets.  If  two  Inlets  are  used,  they  are  mounted  approximately  45  degrees  from  the  horizontal 
centerline. 


It  has  been  Implied  throughout  this  discussion  that  a  bank-to-turn  flight  vehicle  guidance/control 
system  will  be  used  In  advanced  ramjet  powered  missiles.  With  a  bank-to-turn  flight  control  system  the 
Inlet(s)  typically  experience  only  small  angles  of  yaw/sideslip.  Obviously,  this  results  In  high  Inlet 
performance.  The  use  of  a  bank-to-turn  flight  vehicle  guidance/control  system  has  been  demonstrated  In 
several  ramjet  powered  flight  test/operational  vehicles:  (1)  BOMARC  A  and  (2)  Bloodhound  MK1  and  MK2; 
and  ASALM-PTV. 


The  use  of  a  bank-to-turn  versus  skld-to-turn  flight  control  system  In  advanced  ramjet  powered  missiles 
Is  currently  controversial.  Rocket  powered  missiles,  almost  without  exception,  employ  a  skld-to-turn 
control  system.  What  are  the  factors  that  must  be  considered  In  the  design  of  a  bank-to-turn  guidance 
system? 

1.  What  flight  control  algorithms  need  to  be  developed? 


2.  Can  these  algorithms  be  packaged  Into  small  flight  vehicles? 


3.  Will  the  flight  vehicle  aerodynamic  time  constants  permit  use  of  a  bank-to-turn  system  at 
high  altitude  flight  conditions? 

4.  What  Is  the  effect  of  radome  slope  error  (aberration)  on  missile  miss  distance? 

We  believe  the  radome  slope  error  argument  Is  the  key  Issue.  High  performance  air-to-air  missiles,  with 
a  small  warhead,  designed  to  attack  a  maneuvering  airborne  target  are  most  vulnerable  to  this  argument. 
However,  It  Is  again  pointed  out  that  the  ramjet  powered  BOMARC  and  Bloodhound  surface-to-air  Interceptor 
missiles  employed  bank-to-turn  steering  logic,  were  equipped  with  semi-active  radar  terminal  guidance 
and  were  operationally  deployed  *or  many  years.  In  fact  Bloodhound  MK2,  after  twenty  years,  remains  In 
operational  status  with  the  Royal  Air  Force,  the  Swiss  government  and  the  Singapore  Air  Defense 
Command.  BOMARC  also  continues  In  use  as  a  high  speed  target  vehicle  for  the  U.S.  Air  Force. 


The  bank-to-turn  versus  skld-to-turn  controversy  continues  and  Is  sufficiently  Important  that  a  major 
technical  meeting,  dealing  only  with  this  subject,  will  be  held  in  September  (1984  at  The  Johns  Hopkins 
Un 1  vers Ity/App lied  Physics  Laboratory.  The  meeting  Is  being  sponsored  by  the  Guidance  and  Control 
Information  Analysis  Center/ITT  Research  Institute. 

Ramjet  Inlet  performance  Is  usually  documented  at  5  degrees,  and  In  some  cases  10  degrees  angle  of 
yaw/sldesilp.  However,  virtually  no  research  In  the  United  States  has  been  directed  to  the  development 
of  high  performance  ramjet  Inlets  which  tolerate  operation  at  large  yaw/sldesilp  angles. 


COMBUSTION  DRIVEN  PRESSURE  OSCILLATIONS/INLET  INTERACTIONS 


Combustion  driven  pressure  oscillations  have  been  experienced  In  several  small  diameter  liquid  fuel  and 
solid  ducted  rocket  engines  (ramrocket).  These  pressure  oscillations  have  generally  been  experienced  in 
two  frequency  regions.  Low  frequency  oscillations  typically  occur  In  the  100  to  500  Hz  range  and  high 
frequency  oscillations  in  the  1000  to  3000  Hz  range.  A  Power  Spectral  Density  (PSD)  analysis  of  a 
representative  combustion  induced  pressure  oscillation  signal  measured  with  a  high  frequency  response 
piezoelectric  pressure  transducer  Is  shown  In  Figure  54. 

The  high  frequency  oscillations,  comnonly  referred  to  as  screech,  are  typically  the  first  and/or  the 
second^ combustor  tangential  modes. ^  This  oscillation  mode(s)  generally  increases  combustion  efficiency 
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Can  the  low  frequency  oscillation,  generally  the  first  or  fundamental  combustor  longitudinal  mode,  occur 
at  a  frequency  sufficiently  low  to  "drive"  the  normal  shock  system  of  the  ramjet  inlet/diffuser?  The 
NACA,  In  1950,  demonstrated  that  a  supersonic  Inlet  could  be  driven  critical  and  Into  buzz  by  both 
combustion  and  mechanically  produced  pressure  oscillations.  In  these  tests  It  was  observed  that  pressure 
oscillations  reduced  the  diffuser  exit  static  pressure,  at  critical  operation,  by  one  half  the  total 
amplitude  of  the  oscillation  (see  Figure  55).  In  addition.  It  was  noted  that  critical  inlet  operation, 
with  pressure  oscillations,  occurred  when  the  maximum  instantaneous  diffuser  exit  static  pressure 
equaled  the  steady  state  (no  pressure  oscillation)  critical  operation  diffuser  exit  static  pressure. 
Liquid  fuel  ramjet  freejet  engine  tests  conducted  In  support  of  the  Naval  Weapon  Center  G0R0E  Program, 
in  1977,  again  convincingly  demonstrated  that  large  amplitude/low  frequency  pressure  oscillations  can 
drive  the  normal  shock  system  of  a  supersonic  Inlet  into  buzz.  Figure  56  presents  an  Inboard  profile  of 
the  GORJE  test  vehicle  and  Figure  57  shews  the  pressure  oscillation/inlet  buzz  test  data.  Notice  that 
steady  state  Instrumentation  indicates  a  pressure  margin  of  10%  yet  the  Inlet  was  driven  into  buzz  by 
combustion  Induced  pressure  oscillations.  The  basic  conclusion  drawn  from  the  NACA  and  GORJE  engine 
tests  (and  more  recent  test  programs)  Is  that  the  inlet/engine  designer  must  provide  for  an  increased 
Inlet  pressure  margin  when  combustion  Induced  pressure  oscillations  are  experienced  during  the  develop¬ 
ment  cycle  of  a  new  engine.  This  Increased  pressure  margin  requirement  Is  especially  critical  at  . amjet 
takeover  conditions  where  ramjet  Inlet  marqins  are  typically  small.  Representative  ramjet  Inlet  pressure 
margins  during  a  mid  to  high  altitude  flight  trajectory  Is  presented  In  Figure  58.  To  compound  this 
Increased  Inlet  pressure  margin  requirement,  the  correlation  of  pressure  oscillation  data  shows  rapidly 
Increasing  amplitude  as  free  stream  total  temperature  (flight  Mach  number)  Is  reduced  (see  Figure  59). 
In  other  words,  the  amplitude  of  the  low  frequency  combustor  Induced  pressure  oscillations  are  maximum 
at  ramjet  takeover  conditions. 

The  combustion  Induced  pressure  oscillation  problem  Is  being  actively  researched  by  a  number  of  skilled 
Investigators.  The  purpose  of  this  paper  Is  not  be  present  a  treatise  on  the  subject  but  rather  to 
relate  the  Importance  of  this  combustion  phenomena  to  the  Inlet  designer. 

It  Is  also  of  Interest  to  the  Inlet  designer  that  limited  ramjet  engine  freejet  test  data  strongly 
suggests  that  the  boundary  layer  bleed  system  of  a  supersonic  Inlet  sharply  attenuates  the  combustor 
pressure  oscillations  that  reach  the  Inlet  throat/normal  shock  system  (see  Figure  60).  Obviously,  this 
acoustic  attenuation  process  reduces  Inlet  pressure  margin  requirements.  This  attenuation  effect  Is  not 
well  understood  and  should  be  further  studied. 


QUOTED  ROCKET  EJECTOR  PERFORMANCE  WITH  SINGLE,  TWIN  AND  FOUR  INLET  SYSTEMS 


BACKGROUND 

The  combined  cycle  engine  combines  the  best  features  of  the  rocket  and  ramjet  engines  Into  a  lightweight, 
efficient  power  plant.  This  type  of  propulsion  system  Is  particularly  well  suited  to  acceleration  type 
missions.  Three  prime  candidate  missions  for  this  type  of  engine  are  (1)  surface-to-air  missiles, 
(2)  air-to-air  missiles,  and  (3)  alr-to-surface  missiles. 

Today,  there  Is  strong  Interest  In  the  ducted  rocket  type  of  combined  cycle  engine.  This  engine  employs 
a  solid  fuel  gas  generator  whose  flow  rate  Is  fixed,  or  In  more  advanced  designs,  variable.  This  type 
of  propulsion  system  1u  also  commonly  referred  to  as  a  ramrocket  or  a  rocket-ramjet  engine. 

With  prior  ramjet  and  solid  fuel  rocket/gas  generator  development  experience,  the  key  technology  areas 
In  developing  a  ducted  rocket  engine  are  the  ejector  subsystem  and  the  ramburner  (afterburner).  The 
ejector  performance  parameters  of  primary  Interest  are  the  jet  pumping  ratio  and  the  mixer  length 
required  to  achieve  full  mixing  of  the  secondary  and  primary  flows.  Jet  pumping  ratio  Is  defined  as  the 
ratio  of  the  flow  total  pressure  at  the  mixer  exlt/combustor  entrance  to  the  air  total  pressure  at  the 
diffuser  exit/ejector  entrance.  With  ejector  systems  designed  for  application  to  ducted  rocket  engines, 
this  pressure  ratio  can  be  quite  high  and  can  exceed  one,  thus,  explaining  the  use  of  the  term  "jet 
pumping  ratio". 

It  Is  logical  to  assume  that  the  performance  of  a  ducted  rocket  ejector  systsm  (total  pressure  ratio  and 
required  mixing  length)  Is  maximized  through  use  of  a  large  number  of  secondary  air  inlets  located 
uniformly  around  the  periphery  of  a  centrally  located  gas  generator.  In  recent  years  much  Interest  has 
centered  on  use  of  a  symmetric  four  aft  Inlet  system.  This  geometric  arrangement  offers  high  ejector 
performance;  however,  there  are  airborne  missile  applications  which  will  not  permit  the  use  of  this 
design  approach  (see  Figure  61).  Shown  In  this  figure  are  pylon  and  body  mounted  external  carriage 
launch  alrcraft/mlsslle  installations  and  a  semi -submerged  launch  aircraft  Installation.  These  launch 
alrcraft/mlsslle  Installations  obviously  lend  themselves  to  twin  and  single  Inlet  configurations. 

Inlet  performance  also  dictates  consideration  of  single  and  twin  Inlet/air  induction  systems.  The  four 
aft  mounted  Inlet  system  has  been  successfully  employed  In  several  flight  research  and  operational 
missile  systems.  This  system  functions  well  when  vehicle  angle  of  attack  and  yaw  requirements  are 
small.  However,  advanced  ramjet  powered  tactical  missile  systems  under  study  today  (particularly 
Air-To-Air  Missiles)  emphasize  high  angle  of  attack  operation  (see  Figure  6).  Under  these  operating 
conditions,  the  performance  of  the  multiple  (four)  Inlet  system  is  poor  (see  Figure  62).  In  marked 
contrast,  single  and  two  Inlet  systems,  when  located  on  the  lower  surface  of  the  vehicle  forebody, 
feature  significantly  Increased  Inlet  total  pressure  recovery  and  capture  area  ratio  with  Increasing 
angle  of  attack.  These  performance  characteristics  are  well  matched  to  advanced  tactical  missile  system 
requirements.  As  a  consequence  of  the  launch  alrcraft/mlsslle  Installation  and  inlet  performance 
arguments  presented  above  the  basic  objective  of  the  experimental  program  described  in  this  paper  was  to 
compare  ejector/m1xerperfonnance_of  twin  and  single  Inlet  systems  as  compared  to  a  symmetrical  four  aft 
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EJECTOR  TEST  PROGRAM 

A 

Previous  Marquariit  testing  with  the  liquid  fueled  Ejector  Ramjet  Engine  (also  a  combined  cycle  engine) 
showed  that  subscale  aerodynamic  tests  (no  combustion)  produced  ejector  design  criteria/performance 
which  were  largely  corroborated  by  later  combustion  tests.  This  type  of  testing  Is  low  cost  and  lends 
Itself  to  a  highly  flexible  test  program.  Therefore,  In  this  exploratory  multiple  inlet  ducted  rocket 
ejector  test  program,  a  model  aerodynamic  test  program  was  conducted. 

The  ejector  test  set-up  used  In  this  program  Is  shown  schematically  In  Figure  64. and  Figure  65  Is  a 
photograph  of  the  test  set-up.  Two  ejector  test  Items  were  fabricated.  One  test  item  simulated  a  four 
aft  mounted  Inlet  configuration  while  the  second  test  item  simulated  either  a  twin  or  single  Inlet 
configuration.  Both  ejector  test  Items  were  designed  to  accept  removable  ejector  heads.  This  feature 
permitted  variations  In  ejector  nozzle  geometry  Including  evaluation  of  single  and  multiple  ejector 
nozzles.  Only  sonic  ejector  nozzles  were  evaluated. 

For  this  aerodynamic  test  program  the  ability  of  several  Inert  gases  to  simulate  the  solid  fuel  gas 
generator  efflux  were  compared.  These  gases  were  nitrogen,  carbon  dioxide,  helium,  ambient  temperature 
air  and  heated  air,-  No  single  gas  met  all  simulation  criteria.  Heated  air  was  selected  as  the  best 
compromise.  A  SUE©  burner  was  used  to  heat  the  primary  air;  the  burner  fuel  was  gaseous  hydrogen. 
Ambient  temperature  air  was  used  as  the  secondary  test  fluid. 

A  simulated  ramburner  or  mixer/combustor  was  located  downstream  of  the  ejector  test  Item.  The  length  of 
this  simulated  combustor  could  be  changed  by  Insertion  Or  removal  of  cylindrical  spool  sections.  A 
large  number  of  static  pressure  taps  were  located  in  the  mixer/simulated  combustor  test  hardware.  In 
addition,  two  total  pressure  rakes  were  located  downstream  of  the  ejector  test  item.  Initial  tests 
employed  a  fixed  ramburner  exit  nozzle;  however  later  testing  employed  a  variable  area  exit  nozzle 
(moving  plug)  to  more  properly  simulate  engine  back-pressure  effects.  Representative  ejector  total 
pressure  ratio  data  measured  with  use  of  the  variable  area  exit  nozzle  are  presented  In  Figure  66. 

It  has  been  substantiated  by  other  test  programs  that,  when  jet  mixing  takes  place  In  a  constant  area 
duct  between  fluids  Initially  at  very  different  pressure  and  velocity  (or  momentum  ratio),  the  degree  to 
which  mixing  approaches  completion  Is  Indicated  by  the  axial  wall  static  pressure  gradient.  Where  the 
gradient  passes  from  positive  to  negative,  mixing  Is  essentially  complete  and  the  losses  due  to  wall 
friction  again  dominate.  Measured  diffuser/mixer  static  pressure  distributions  for  the  four  Inlet 
configuration  tested  are  shown  in  Figure  67.  It  Is  clear  from  the  static  pressure  data  that  mixing  Is 
essentially  complete  two  to  three  diameters  downstream  of  the  ejector.  Additional  test  data  showed  that 
the  required  mixing  lengths  for  the  twin  and  single  inlet  configurations  were  slightly  longer  (see 
Figure  68). 

Fifteen  ejector  nozzle/lnlet  configurations  were  evaluated  In  this  test  program.  Testing  emphasized  the 
twin  and  single  Inlet  configurations  because  data  showed  these  configurations  to  be  sensitive  to  ejector 
nozzle  geometry.  This  was  particularly  true  for  the  single  Inlet  configurations.  Representative  twin 
and  single  Inlet  test  data  are  presented  In  Figure  69.  Ejector/mixer  performance  sensitivity  to  changes 
in  ejector  nozzle  geometry  Is  clearly  evident.  The  ejector/mixer  total  pressure  ratio  performance 
measured  in  this  test  program  is  summarized  In  Figure  70.  Data  are  shown  for  the  four,  twin  and  single 
Inlet  configurations  with  secondary  to  primary  flow  ratio  as  the  primary  test  variable.  Test  data  for 
the  best  performing  ejector  heads  were  used  to  construct  this  figure. 

CONCLUSIONS 

The  major  conclusion  drawn  from  study  of  the  experimental  data  and  supporting  analysis  developed  In  this 
program  Is  that  a  high  performance,  ducted  rocket  ejector/mixer  subsystem  can  be  developed  using  any 
number  of  well  developed/well  Integrated  Inlets.  However,  It  Is  noted  that  ejector  mixer  performance 
with  twin,  and  In  particular,  single  Inlet  configurations.  Is  more  sensitive  to  ejector  nozzle 
geometry.  Although  not  the  subject  of  this  paper.  It  is  pointed  out  that  the  basic  findings  developed 
In  this  exploratory  development  program  were  largely  corroborated  In  later  ducted  rocket  combustion 
tests. 
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MOBILE  SURFACE-TO-AIR  INTERCEPTOR  MISSILE 
OPERATIONAL  IN  1964  (JANE'S  WEAPON  SYSTEM) 

FIGURE  3.  OPERATIONAL  USSR  RAMJET  POWERED  MISSILE  SYSTEMS 


INTEGRAL 


BOOST  PHASE  -  The  Integral  Rocket-Ramjet  is  accelerated  to  ramjet  takeover  velocity  by  rocket  propellant  contained  in  the 
ramjet  chamber. 


ROCKET 

NOZZLE 


TRANSITION  PHASE  -  Ejection  of  the  rocket  nozzle  and  port  cover  allows  air  to  enter  the  combustor  where  the  ramjet  fuel  is 
introduced  and  burned. 


SPECIFIC  IMPULSE 
~1200  SECONDS 
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FIGURE  7.  AIR  INDUCTION  SYSTEM  STATION  NOTATION/PERFORMANCE  NOMENCLATURE 
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FIGURE  8.  REPRESENTATIVE  INLET  PERFORMANCE  CHARACTERISTICS 


FIGURE  10.  AXir.YMMETRIC  INLET  PERFORMANCE  -  WING  FLOW  FIELD 


FIGURE  11.  EFFECT  OF  WING  ON  INSTALLED  CAPTURE  AREA  RATIO 


FIGURE  12.  EFFECT  OF  PRECOMPRESSION  SHROUD 


FIGURE  13.  RAMJET  POWERED  FLIGHT  TEST  VEHICLE 
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FIGURE  14.  ADVANCED  AIR-TO-AIR  MISSLE  DESIGN 
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FIGURE  17.  BOTTOM  MOUNTED  TWO-DIMENSIONAL  INLET  PERFORMANCE 


FIGURE  18.  CHIN  INLET  WIND  TUNNEL  TEST  MODEL 
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FIGURE  21.  MAXIMUM  TOTAL  PRESSURE  RECOVERY  VERSUS  DESIGN  MACH  NUMBER 
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FIGURE  22.  EFFECT  OF  DESIGN  MACH  NUMBER/ANGLE  OF  ATTACK  =  0« 
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FIGURE  23.  OFF-DESIGN  INLET  PERFORMANCE 
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FIGURE  24.  EFFECT  OF  DESIGN  MACH  NUMBER/ANGLE  OF  ATTACK  =  10° 
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FIGURE  25.  INLET  EXTERNAL  COMPRESSION  LIMIT 
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FIGURE  26.  EFFECT  OF  INLET  CONTRACTION  RATIO/ANGLE  OF  ATTACK  =  0° 
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GRID  CONFIGURATIONS 

FIGURE  29.  AERODYNAMIC  GRID  CONFIGURATIONS 
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FIGURE  30.  AIRFLOW  PROFILE  CONTROL  WITH  AN  AERODYNAMIC  GRID 
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FIGURE  37.  INLET  CHARACTERISTICS  WITH  INCREASING  BOUNDRY  LAYER  REMOVAL 
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FIGURE  38.  PROJECT  RIGEL  INLET  DEVELOPMENT  EXPERIENCE 
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FIGURE  42.  ZERO  SLOPE  INSTABILITY  -  BELOW  THE  CONTROL  PRESSURE 
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FIGURE  44.  NORMAL  SHOCK  CONTROL  PRESSURE  INSTABILITY  -  DOUBLE  CONE  INLET 


FIGURE  45.  CHOKED  INLET  CONCEPT  PROPOSED  BY  A.  FERRI  {REF.  1) 
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FIGURE  CONE  STATIC  PRESSURE  RATIO  AND  SEPERATION  CRITERIA 
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FIGURE  47.  BUZZ  SUPRESSOR  INLET  TEST  MODEL 
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FOUR  AXISYMMETRIC  INLETS 


FIGURE  56.  GORJE  PROPULSION  TEST  VEHICLE 
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FIGURE  57.  EFFECT  OF  PRESSURE  OSCILLATIONS  ON  INLET  MARGIN 
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FIGURE  59.  COMBUSTOR  INDUCED  PRESSURE  OSCILLATION  TEST  DATA  CORRELATION 
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FIGURE  60.  EFFECT  OF  PRESSURE  OSCILLATIONS  ON  INLET  MARGIN  -  TWO  DIMENSIONAL 
INLET  WITH  BOUNDARY  LAYER  BLEED 
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FIGURE  61.  AIR  LAUNCHED  DUCTED  ROCKET  POWERED  MISSLE  APPLICATIONS 


FIGURE  62.  INSTALLED  INLET  PERFORMANCE  COMPARISON 


FIGURE  63.  INLET/EJECTOR  TEST  CONFIGURATIONS 
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FIGURE  64.  EJECTOR/MIXER  TEST  SETUP 


FIGURE  65.  TEST  SETUP  -  %  REAR  VIEW 
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FIGURE  67.  FOUR  INLET  DIFFUSER/MIXER  STATIC  PRESSURE  DISTRIBUTIONS 
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FIGURE  68.  FOUR.  TWO  AND  ONE  INLET  STATIC  PRESSURE  DISTRIBUTIONS 
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FIGURE  69.  REPRESENTATIVE  EJECTOR/MIXER  PERFORMANCE 
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FIGURE  70.  EJECTOR/MIXER  PERFORMANCE  COMPARISON 
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SOME  ASPECTS  OP  ENGINE  AND  AIRFRAME  INTEGRATION  FOR 
RAMJET  AND  RAMHOCKET  POWERED  MISSILES 

by 

E.L. Goldsmith 

Royal  Aircraft  Establishment,  Aerodynamics  Department 
Bedford  MK^l  6AE  UK 


SUMMARY 

Ideally  the  subject  of  Integration  of  a  ramjet  or  ramrocket  engine  with  an  airframe 
covers  all  aspects  of  the  differences  between  the  performance  of  a  complete  configuration 
of  a  missile  with  air  breathing  propulsion  Installed  and  the  test  bed  performance  of  an 
engine  added  to  the  external  aerodynamic  characteristics  of  a  body,  wings  and  controls  but 
without  nacelles. 

The  particular  aspects  that  are  covered  herein  concern  the  nature  of  the  flow 
around  a  long  circular  body  and  the  Internal  performance  of  single  and  multiple  Intakes  In 
this  flow.  To  understand  this  performance,  the  performance  of  Isolated  Intakes  at  Inci¬ 
dence  and  yaw  conditions  has  been  reviewed,  together  with  wayB  that  have  been  suggested 
for  Improving  performance  by  use  of  variable  geometry.  The  second  half  of  the  paper  Is 
concerned  with  external  or  airframe  aspects  of  Integration  le  the  measurement  of  forces 
and  moments  on  missiles  with  and  without  nacelles  and  the  estimation  of  drag  components 
associated  with  nacelles. 

NOMENCLATURE 


A 

area 

Re 

Reynolds  number 

a 

speed  of  sound 

r,R 

radius 

b 

wing  span 

*»y»* 

spatial  coordinates 

CD 

CN 

drag  coefficient 
(based  on  Ac  or  Am) 

normal  force  coefficient 

a 

Y 

angle  of  Incidence 

ratio  of  specific  heats 

(based  on  Afe) 

*(  ) 

surface  elope 

d 

diameter 

t 

boundary  layer  thickness 

D 

drag 

♦ 

roll  angle/clrcumf erentlal 
position  measured  from 

L 

length 

windward  bottom  generator 

M 

Mach  number 

e 

nose  angle 

P  total  pressure 

p  static  pressure 

R  gas  constant 

SUFFICES 

n, PR 

P 

p 

pressure  recovery  -p 

density 

b 

body 

OP 

operating  condition 

c 

cone/capture  plane 

crlt 

critical  flow  condition 

d 

duct 

t 

total  or  stagnation 

f 

at  the  end  of  the  subsonic 
diffuser  or  In  the  combus¬ 

w,p 

wave 

CP 

1 

tion  chamber, 
skin  friction 

centre  of  pressure 

lip  position 

W 

L 

S 

m 

diverter 

local 

survey  station 

free  stream 
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INTRODUCTION 


The  topics  of  airframe  engine  Interaction  and  the  closely  allied,  but  not  synono- 
moua,  one  of  airframe  engine  Integration,  have  been  subjects  of  International  and  of 
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national  conference  papers  since  the  advent  of  Jet  propulsion  »  »  »  .  In  early  designs  of 

Jet  propelled  aircraft  this  Interaction  was  often  of  a  loosely  coupled  nature.  With  the 
air  Intake  In  the  nose  of  the  aeroplane  (as  on  the  Oloster  Whittle  Jet,  the  F86  and  the 
F100  etc  aircraft)  the  Interaction  was  more  a  p  oblern  of  design  than  of  aerodynamic  per¬ 
formance.  The  designer's  problem  wa3  the  location  of  fuel,  armament,  radar  (and  not  least 
the  pilot)  when  the  fuselage  was  largely  occupied  by  duct  and  Jet  engine.  When  two 
engines  were  needed  the  problem  was  more  difficult,  as  witnessed  by  the  convolutions  of 
the  ducts  of  the  British  Aerospace  Lightning  aircraft,  and  engines  were  often  placed  In 
separate  nacelles  on  the  wlrgs  as  on  the  Messerschmltt  262,  Qloster  Meteor  and  more 
recently  SR71  aircraft.  Here  again,  the  Interaction  was  more  on  overall  aircraft  design, 
wing  mounted  nacelles  affecting  rolling  moments  of  Inertia,  engine  out  yawing  moments  etc. 

Many  factors  have  been  responsible  for  a  closer  Integration  of  engine  and  airframe 
for  military  aircraft,  so  that  engine  or  engines  remain  In  the  body  but  the  duct  does  not 
completely  obstruct  the  main  carrying  capacity  of  the  fuselage.  All  current  military 
aircraft  other  than  the  large  long  range  aircraft  such  as  B52  and  B1  adhere  to  this 
formula. 


The  history  of  missiles  with  air  breathing  propulsion  has  followed  a  similar  evolu¬ 
tion.  Early  liquid  fuel  ramjet  designs  of  the  i950s  were  a  mixture  of  pod  mounted 
(Bomarc  and  Bloodhound  Figs  1  and  2)  and  nose  Intake  designs  (Talos  Fig  3)  and  even  In 
the  1960s,  Sea  Dart  (Fig  4)  continued  this  approach.  With  the  need  for  more  volume  for 
stowage  of  fuel  and  warnead  in  the  body  and  the  particular  needs  of  the  guidance  and 
homing  radar  to  occupy  an  unobstructed  position  In  the  nose,  more  recent  missile  designs 
have  almost  exclusively  followed  the  aircraft  trend.  Intakes  have  been  placed  on  the  body 
sides,  top  or  bottom  or  In  all  four  positions  and  usually  located  half  way  or  even  further 
back  along  the  body  length,  as  In  the  ALVRJ  (Fig  5).  From  the  point  of  view  of  Intake  and 
engine  efficiency,  undoubtedly  the  best  place  for  en  Intake  is  under  the  body  and  close  to 
the  nose  as  In  ASALM  (Fig  6).  The  missile  must  then  be  controlled  as  an  aircraft  by 
banking  to  turn  (twist  and  steer)  so  that  whatever  manoeuvre  13  pursued  the  intake  always 
remains  on  the  underside  of  the  body  at  positive  Incidence.  Arguments  between  the  merits 
and  elements  of  twist  and  steer  versus  Cartesian  control  for  air-breathing  weapons  will 
probably  continue  Indefinitely. 

With  engines  In  the  body  and  Intakes  on  the  side  and/or  top  and  bottom  of  the  body 
Interaction  between  body  and  Intake  aerodynamics  is  closely  coupled.  At  small  angles  of 
incidence  and  In  the  absence  of  an  adequate  bleed  or  diverter.  Intake  Internal  performance 
Is  largely  determined  by  the  severity  of  the  Interaction  of  the  Intake  shock  system  with 
the  body  boundary  layer.  At  larger  angles  of  incidence  the  body  flow  field  has  a  domi¬ 
nating  Influence  on  Intake  Internal  performance  and  on  the  quality  of  the  flow  delivered 
to  the  engine.  Drag,  lift  and  pitching  moment  Increments  due  to  the  addition  of  nacelles 
can  be  comparable  to  those  due  to  wings  and  body.  Other  more  subtle  Influences  are  felt 
for  instance  In  the  design  of  the  S-shaped  ducts  that  are  required  to  turn  the  air  Into 
the  body.  If  this  portion  of  the  duct  can  be  kept  short  then  less  useful  volume  In  the 
body  is  consumed. 

The  object  of  successful  englne-alrframe  Integration  Is  to  make  these  closely 
coupled  configurations  at  least  workable  and  possibly  even  competitive  with  nose  mounted 
Intake  or  single  Intake  bank-to-turn  configurations.  The  object  of  this  paper  Is  to 
summarise  and  correlate,  where  possible,  some  of  the  published  (and  unpublished)  material 
that  Is  relevant  to  this  aim. 

2  BODY  PLOW  FIELDS 

2.1  FLOW  AROUND  SLENDER  CIRCULAR  SECTION  BODIES  AT  INCIDENCES  FROM  0*  TO  20* 

For  ogive  nosed  axl-symmetrlc  bodies,  flow  changes  In  typical  Intake  locations 
compared  to  freestreara  conditions  are  fairly  minor  In  the  Incidence  range  0*-4*  or  5*  In 
relation  to  the  very  considerable  changes  that  take  place  between  6*  and  20*. 

Nevertheless,  If  an  Intake  Is  placed  In  the  nose  flowfleld  effects  are  not  Insignificant 
and  Indeed  with  the  right  choice  of  nose  shape  can  be  favourable  to  intake  performance. 

Fig  7  shows  the  variation  In  Mach  number  on  the  body  surface  with  change  In  body  shape  at 
M_  2.0  and  a  0*.  The  tangent  ogive  shape  has  advantages  over  only  the  first  half  of  the 
nose  length.  Fig  8  thows  how  the  effect  of  the  nose  flow  changes  with  distance  away  from 
the  body  surface  and  position  downstream  from  the  nose.  Radial  changes  near  to  the 
tangent  point  of  the  nose  profile  are  significant  but  are  not  so  further  downstream.  At 
small  angles  of  lncldenc  differences  In  local  Mach  number  and  flow  angle  start  to  appear 
between  top  (leeward)  side  and  bottom  (windward)  of  the  body  which  again  vary  with  radial 
and  longitudinal  position.  The  magnitude  of  these  changes  are  illustrated  in  Fig  9.  As 
Incidence  Increases  the  boundary  layer  thickens  considerably  on  the  lee  side  of  the  body 
(Fig  10)  and  at  Incidences  typically  In  the  range  6*-10‘  (depending  primarily  on  body  nose 
angle),  boundary  layer  act  immulatlon  on  the  lee  side  forms  Into  two  discrete  vertices 
(Fig  11).  When  this  happens,  the  flow  around  the  upper  half  of  the  body  becomes  complex 
and  only  windward  and  side  positions  can  be  expected  to  have  reasonably  uniform  local 
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A  complete  flow  field  Is  shown  In  Pig  14.  Intake  centrelines  are  usually  in  the 
region  r— r. of  0.3-0. 5.  On  top  and  bottom  generators  local  values  of  Incidence  are 
half  to  two  thirds  the  freestream  value.  On  the  body  side  local  Incidence  Is  50-60J 
greater  than  freestream  Incidence.  In  the  upper  quadrant,  local  Incidence  Is  of  the  same 
order  but  the  flow  Is  now  very  non-uniform  with  local  cross  flows  that  may  be  supersonic 
and  accompanied  by  embedded  shocks.  Even  away  from  the  core  of  the  vortex  where  the 
Intake  might  be  expected  to  avoid  ingesting  very  low  total  pressure  air,  the  combined 
effect  of  high  sldewash  and  upwash  will  be  deleterious  to  any  type  or  orientation  of 
Intake . 


Experimental  evidence  on  longitudinal  location  of  vortex  separation  (Pig  15), 
together  with  vertical  and  lateral  location  of  the  vortex  cores  (Pigs  16  and  17),  is 
highly  variable.  This  Is  probably  due  to  the  influences  of  Reynolds  number,  position  and 
size  of  boundary  layer  trip  and  Mach  number  as  well  as  the  main  geometric  Influence  of 
nose  fineness  ratio.  Most  experimental  observations  howev'er  agree  that  vortex  cores  are 
located  circumferentially  between  20*  and  40*  from  the  top  generator  position  (Pig  18)  and 
this  vitally  affects  Intake  performance  in  this  region.  Although  the  exact  position  of 
the  twin  symmetrical  vortex  cores  13  difficult  to  predict  there  is  even  more  variability 
when  at  a  higher  angle  of  Incidence  the  vortex  cores  become  asymmetric  and  can  vary  In 
position  with  time.  Portunately,  as  shown  In  Pig  19,  the  combination  of  nose  fineness 
ratio  and  incidence  that  leads  to  the  production  of  asymmetric  vortices  Is  generally  out¬ 
side  the  region  of  interest  to  missiles  with  air-breathing  engines  (L„/dK  2  to  4  and  a  up 
to  20*).  n  b 


2.2  THE  INFLUENCE  OP  BODY  MOUNTED  STRAKES 

When  a  body-mounted  Intake  Is  rolled  from  the  top  position  It  must  Inevitably  pass 
through  or  close  to  the  vortex  cores  that  are  shed  by  the  body  at  Incidence  (Fig  20). 
However,  If  sharp  edged  strakes  are  placed  along  the  length  of  the  body  parallel  to  the 
centreline  then  these  strakes  will  fix  cross  flow  separation  at  a  specific  circumferential 
position.  This  position  then  moves  round  as  roll  angle  Is  varied  Instead  of  remaining 
fixed  In  space  as  In  the  case  with  the  unstraked  body  (Pig  20).  Measurements  have  been 
made  from  vapour  screen  photographs  taken  with  a  camera  mounted  on  the  sting  and 
downstream  of  a  straked  body.  Data  for  a  10*  at  M,.  1.6  la  shown  In  Pig  21.  Vortex 
positions  are  shown  relative  to  the  viewpoint  of  an  observer  on  the  top  strake  looking 
upstream  as  the  body  Is  rolled  from  the  top  position  to  the  side  position  (♦  180*  to  90*). 
The  particular  orientation  of  the  strake  shown  Is  for  +  165’  hut  the  envelope  of  the 
positions  applies  for  all  values  of  roll  angle.  It  should  be  emphasised  that  these  are 
not  the  absolute  positions  In  space  of  the  vortices  but  are  the  positions  relative  to  the 
body  as  roll  angle  Is  changed.  An  Indication  of  the  size  of  the  vortex  cores  as  Judged 
from  the  photographs  Is  given  by  the  width  of  the  envelopes  enclosing  the  vortex  centre 
positions.  It  Is  clear  that  a  location  midway  between  the  strakes  Is  not  a  good  position 
for  an  Intake  at  this  Incidence  of  10*  as  It  will  be  affected  by  the  vortices  shed  by  the 
strakes  on  either  side  of  It  at  the  appropriate  positive  or  negative  roll  angles.  However 
there  is  a  small  region  directly  over  the  top  of  the  strakes  which  Is  free  (or  nearly  so) 
of  vortlclty  at  all  positive  and  negative  roll  angles.  This  would  be  the  best  location 
for  an  Intake  (Pig  20).  A  similar  situation  would  be  obtained  by  the  use  of  a  square- 
section  body,  where  the  best  position  for  an  Intake  would  be  at  the  corners  of  the  body 
(Pig  20). 

Variation  of  pitot  pressure  for  a  radial  position  corresponding  to  the  centre  of  a 
typical  Intake  at  L/ab  7.5  Is  shown  In  Pig  22  as  roll  angle  Is  varied  at  Incidences  cf  10* 
and  14*  both  with  and  without  strakes.  Without  strakes  a  large  trough  of  low  total 

Sreaaure  at  about  +  150’  appears  as  the  pitot  tube  passes  close  to  the  vortex  centre. 

1th  strakes  this  trough  almost  disappears  at  the  lower  Incidence  and  is  much  reduced  In 
extent  at  14*  Incidence. 

3  INTAKE  AND  ENGINE  MATCHING  AND  DEFINITIONS  OP  INTAKE  PRESSURE  RECOVERY 

Before  considering  intake  performance,  some  digression  Is  needed  on  the  bases  of 
comparison  of  pressure  recovery.  The  intake  flow  states  of  supercritical,  critical  and 
subcrltlcal  are  too  well  known  to  require  explanation.  Pressure  recovery  at  the  critical 
flow  condition  n  .l  has  been  a  convenient  performance  parameter  for  use  In  aircraft 
where  variable  geometry  Intakes  and  only  small  excursions  from  cruise  incidence  at  super¬ 
sonic  speeds  has  also  made  this  condition  close  to  the  matched  Intake  and  engine  flow 
state.  This  Is  often  not  eo  however  for  highly  manoeuvring  missiles  with  fixed  geometry 
Intakes . 

Matching  of  intake  and  engine  flows  for  liquid  fuelled  ramjets  Is  a  relatively 
simple  procedure. 

Weight  flow  through  a  streamtube  of  cross  sectional  area  A  Is: 
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At  supersonic  speeds  when  the  nozzle  at  the  end  of  the  combustion  chamber  1b 


At  entry  to  the  combustion  chamber: 


|Vr«T  2(rrU  [vs  kft  /ft.\ 
"f  ■  l— J  -isf  ■%=  (rJr 


If  the  added  fuel  weight  and  the  difference  in  y  and  R  between  the  incoming  air 
and  the  exit  gas  stream  after  combustion  are  Ignored  then: 
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and  if  nozzle  exit  area  A  is  constant 
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Similarly  the  incoming  free  stream  tube  flow  ■  W^.  so  that 
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Engine  operating  curves  for  different  values  of  heat  addition  Tt  /Tfc  on  the  intake 

characteristic  of  A  /A  versus  P./P  are  thus  straight  lines  thrc”~h  thenori£in  with 
differing  slopes.  0  1 

In  particular  from  equations  (*i)  and  (5)  it  follows  that: 
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Prom  this  It  can  be  seen  that  (a)  It  may  be  possible  to  keep  the  Intake  at  approxi¬ 
mately  the  sare  condition  as  the  ramjet  engine  accelerates  and  climbs  from  a  ground  launch 
(b)  for  a  given  temperature  rise  there  Is  a  tendency  for  acceleration  to  be  limited  as 
Intake  recovery  falls  In  the  supercritical  regime  and  thrust  decreases. 

The  ramjet  engine  Is  opposite  to  the  turbojet  In  Its  reaction  to  ambient  and  to 
engine  conditions  eg  reduction  of  turbojet  rpm  on  closing  the  throttle  Is  associated  with 
reduction  In  fuel  flow  and  results  In  the  Intake  moving  towards  the  subcrltlcal  regime 
whereas  closing  the  throttle  and  reducing  fuel  flow  In  the  ramjet  results  In  moving  the 
Intake  towards  the  supercritical  flow  condition. 

If  the  ramrocket  and  solid  fuel  ramjet  are  viewed  as  devices  that  Increase  the 
total  temperature  In  the  combustion  chamber  the  same  matching  precepts  apply.  Por  the 
ramrocket  the  matching  process  could  be  complicated  by  the  fuel  rich  under-expanded  gas 
from  a  central  nozzle  restricting  the  passage  of  Incoming  air  from  the  Intake  duct.  In 
that  case,  part  of  the  matching  process  could  be  similar  to  that  encountered  between 
secondary  and  primary  streams  of  a  supersonic  ejector  nozzle. 

Pig  23  shows  match  points  at  the  Intersection  of  Intake  characteristics  and  the 
straight  line  constant  M*  (constant  temperature  ratio)  curves  of  an  engine  characteristic 
as  angle  of  Incidence  changes  at  constant  freestream  Mach  number.  The  parameters  n  . 
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the  constant  engine  demand  a  and  aopepatlng  are  made  clear  by  the  matching 

symbols  used.  nopepatlng  or  nop  Is  a  more  sophisticated  version  of  n limiting  a  ln  that 
follows  a  constant  engine  demand  line  up  to  a  limiting  incidence  a  such  as  a 2  and  then  by 

decrease  In  fuel  flow  the  operating  point  is  made  to  move  across  engine  demand  lines  to 
stay  within  the  stable  flow  limit  of  an  Intake.  ’’utiiisable  as  the  suffix  suggests  Is 

Prench  In  origin.  It  Is  the  pressure  recovery  at  zero  Incidence  imposed  by  the  need  for 
keeping  constant  engine  demand  lines  at  Incidence  within  intake  stable  flow  limits.  When 
Its  value  Is  lower  than  the  zero  Incidence  value  the  decrement  is  the  penalty  In  pressure 
recovery  incurred  at  zero  Incidence  for  operating  the  intake  in  a  stable  condition  at 
Incidence. 


In  this  paper  ncplt  and  sqP  are  used.  The  former  because  It  is  widely  available  In 

the  literature  and  the  latter  as  if  Is  a  more  realistic  matching  condition  but 
nevertheless  exploits  the  advantages  or  a  ramjet  than  can  be  throttled. 

I)  EFFECT  OF  FLOW  ANQLE  VARIATION  AND  OF  BODY  FLOWFIELD  ON  INTAKE  PERFORMANCE 

A.l  EFFECT  OF  PLOW  ANQLE  VARIATION  ON  PERFORMANCE  OF  ISOLATED  SUPERSONIC  INTAKES 

It  Is  Important  to  know  the  effect  of  now  angle  variation  on  isolated  Intake 
performance  before  studying  effects  of  the  body  flowfield. 

For  supersonic  Intakes  with  wedge  compression  surfaces  that  are  normal  to  the  plane 
of  incidence,  probably  the  most  Important  Influence  on  pressure  recovery  is  the  variation 
of  shock  loss  with  change  In  attitude  of  the  compression  surfaces.  Fig  2f|  shows  the 
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Indicates  that  extra-to-shock  losses  are  controlled  so  that  pressure  recovery  change  with 
Incidence  closely  parallels  the  variation  of  shock  recovery.  If  the  wedge  compression 
surface  Is  parallel  to  the  plane  of  Incidence  variation  of  shock  recovery  Is  not  easily 
calculable.  Plow  over  the  yawed  wedge  compression  surfaces  la  largely  Influenced  by  the 
presence  or  absence  of  swept  endwalls  that  enclose  the  compression  wedges.  Plow  expanding 
round  the  windward  endwall  may  Increase  local  Mach  number  In  this  region  and  the  wedge 
shock  will  approach  or  enter  the  cowl  lip.  On  the  leeward  endwall  the  opposite  will 
occur.  Reduced  pressure  recovery  will  result  from  coalescence  of  wedge  shocks  within  the 
cowl  lip  and  possibly  from  separation  and  vortex  formation  along  the  Inside  of  the  swept 
windward  endwall.  Removal  of  both  and  In  particular  the  windward  swept  endwall  reduces 
the  fall  off  of  pressure  recovery  with  Increase  In  angle  of  Incidence  (Pig  25)*  However, 
this  Increases  drag  and  reduces  pressure  recovery  at  zero  Incidence  due  to  supersonic 
spillage  at  the  ends  of  the  compression  surfaces. 

The  flow  pattern  for  an  axloymmetrlc  centrebody  Intake  Is  generally  more  complex. 
The  Initial  cone  shock  wave  angle  changes  by  much  less  than  the  change  of  centrebody 
centreline  angle  so  that  the  windward  lip  moves  towards  the  cone  shock  and  the  leeward 
lip  away  from  it.  Thus  the  variation  of  pressure  recovery  Is  largely  affected  by  the 
shock  wave  angle  e  relative  to  the  lip  position  angle  8.  at  zero  Incidence.  If  8  •  e, 

then  Intersection  of  cone  and  normal  shock  occurs  within1  the  windward  cowl  Up  as ’inci¬ 
dence  Is  Increased,  with  a  consequent  loss  in  pressure  recovery.  The  effect  Is  clearly 
shown  for  single  and  two  cone  centrebody  Intakes  In  Pig  26(a).  As  freestream  Mach  number 
Is  reduced  from  the  shock-on-lip  Mach  number  (MgoL)  there  Is  a  reduction  in  both 

terminal  normal  shock  Mach  number  and  a  movement  of  the  conical  shocks  away  from  the  cowl 
lip  which  lessens  the  fall  In  recovery  with  Incidence  (Pig  27(a)).  Decrease  In  8, 

(Increase  In  MSqL)  to  remove  the  cone  shock  from  the  cowl  lip  however  results  In  a  longer 

compression  surface.  This  gives  an  increasing  thickness  of  boundary  layer  which  tends  to 
accummulate  on  the  leeslde  of  the  centrebody  and  results  In  lower  recovery  and  Increased 
engine  face  flow  distortion  (Pig  28).  The  corresponding  changes  to  maximum  flow  ratio 
are  shown  In  Pigs  26(b)  and  27(b). 

4.2  REDUCING  THE  SENSITIVITY  OP  ISOLATED  INTAKES  TC  CHANGE  IN  PLOW  ANGLE 

It  Is  not  difficult  to  devise  way3  of  decreasing  the  rate  of  fall  of  pressure 
recovery  as  Incidence  Increases  In  one  direction.  Intakes  for  highly  manoeuvrable 
aircraft  or  missiles  can  be  placed  under  the  body  or  wing,  so  that  local  flow  angle  at 
Intake  entry  plane  Is  practically  Invariant  with  change  of  angle  of  Incidence23 .  At 
supersonic  speeds,  Increase  In  angle  of  Incidence  also  decreases  entry  Mach  number, 
usually  with  little  decrease  in  local  total  pressure.  The  same  result  can  be  achieved  by 
the  addition  of  a  plane  surface  above  and  In  front  of  an  Intake.  This  Is  the  principle 
used  in  the  staggered  or  raked  side  Intake  proposed  for  highly  manoeuvrable  strike-fighter 
aircraft2  .  A  rather  larger  pre-compression  shroud  has  been  shown  to  Increase  pressure 
recovery  and  capture  flow  for  a  rectang  ar  Intake  at  supersonic  speeds  In  Ref  25 
(Pig  29).  The  use  of  swept  or  unswept  i  ^-r  plates  for  half  axisymmetrlc  Intakes  and  a 
visor  with  axisymmetrlc  intakes  have  bee-  suggested  (Ref  26,  27).  At  positive  Incidences 
above  about  6*  the  half  axisymmetrlc  lntuKe  Is  generally  superior  (Fig  30)  to  the 
axisymmetrlc  Intake  with  or  without  a  visor. 

A  slightly  Increased  recovery  Is  obtained  at  high  Incidence  by  pivoting  the  centre- 
body  of  an  axisymmetrlc  Intake  so  that  It  Is  aligned  with  the  incident  flow.  This  Is 
further  enhanced  by  raking  the  entry  plane  so  that  the  lower  lip  Is  clear  of  the  conical 
shock  (Pig  3D*  If  the  Intake  has  to  be  equally  efficient  at  both  positive  and  negative 
Incidences  then  the  further  complexity  of  pivoting  both  the  centrebody  and  cowl  is  needed. 
Pig  31  shows  this  combination  to  he  very  efficient  up  to  the  highest  angle  of  Incidence 
tested  (14*).  Another  variable  geometry  arrangement  is  the  asymmetric  compression  surface 
housed  within  a  circular  section  nacelle2  .  The  only  tests  of  this  arrangement  showed 
Inferior  performance  at  a  o*  to  the  equivalent  axisymmetrlc  Intake  but  better  performance 
at  Incidence  (Pig  32) .  Addition  of  boundary  layer  control  on  the  compression  surface  and 
a  more  refined  design  method  could  probably  enhance  the  performance  of  this  Intake  which 
In  concept  should  roll  so  that  the  compression  surface  Is  always  In  a  favourable  position 
with  respect  to  the  Incident  flow  angle. 

4.3  EFFECT  OP  BODY  PLOWFIELD  ON  SINGLE  INTAKE  PRESSURE  RECOVERY 

Single  Intake  pressure  recovery  Is  a  function  of  angles  of  Incidence  and  roll,  of 
the  longitudinal  position  of  the  Intake  on  the  body  and  of  the  boundary  layer  bleed  or 
diverter  height.  At  Incidences  up  to  about  6’  before  twin  body  vortices  are  formed 
(particularly  If  the  Intake  Is  not  far  downstream  of  the  body  nose  tangent  point)  the 
accummulatlon  of  boundary  layer  air  on  the  leeslde  ensures  that  minimum  recovery  occurs  at 
the  i  180*  position  (Pigs  33  and  34).  At  a  10*  the  Ingestion  of  a  body  vortex  Into  the 
Intake  results  In  a  minimum  recovery  at  the  8  130*-150*  position  in  accordance  with  body 
flowfleld  data  (Pig  34). 

The  underbody  Intake  (♦  0*)  has  an  Innate  superiority  at  all  incidences  over  all 
other  positions  (Figs  33  and  34),  Including  the  nose  intake  (Pig  26).  However,  despite 
the  decrease  In  boundary  layer  thickness  with  Increase  In  Incidence  on  the  windward  side 
of  the  body  (Pig  10),  the  effect  of  body  cross  flow  leads  to  rapid  .eterioratlon  of 
recovery  as  roll  angle  Increases  from  0*  to  45*  at  a  10*  (Pigs  33  ad  34). 
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Wedge  Intakes  follow  the  same  trends  as  half  axlsymmetrlc  Intakes  (Pig  35).  The 
beneficial  effect  of  throat  bleed  and  the  deleterious  effect  of  placing  the  Intake  on  a 
flat  face  on  the  body  should  be  noted  (Pig  36).  An  Inverted  two  wedge  Intake  follows  the 
same  pattern  with  respect  to  variation  of  recovery  with  roll  angle  as  the  other  Intake 
types  (Pig  37).  The  graph  summarising  recovery  variation  with  roll  angle  at  a  10* 

(Pig  38)  Is  notable  for  showing  the  similarities  rather  than  disparities  In  performance  as 
Intake  type  and  freestream  Mach  number  are  varied  which  confirms  the  universality  of  the 
Influence  of  Ingestion  of  a  body  vortex.  The  graph  summarising  side  Intake  performance 
(Pig  39)  In  contrast  shows  the  wide  variation  In  recovery  obtained  with  different  Intake 
types  In  cross  flow.  This  assumes  great  Importance  In  the  performance  of  multiple  Intakes 
as  will  be  shown  In  the  following  section. 

A. A  MULTIPLE  INTAKE  PERFORMANCE 

The  performance  of  multiple  Intakes  Is  Inferior  to  that  of  single  Intakes  for  the 
same  incidence  and  roll  angles  for  two  reasons.  The  first  la  associated  with  the  extra 
loss  due  to  mixing  (and  In  some  cases  due  to  'dumping*  le  a  sudden  enlargement  loss)  of 
the  flow  from  the  separate  ducts  at  the  entry  to  the  combustion  chamber.  The  second,  with 
the  matching  that  is  Imposed  on  Individual  duct  flows  by  compatablllty  conditions  at  the 
mixing  plane  which  results  In  each  Intake  operating  at  a  different  point  on  Its  Individual 
characteristic  of  recovery  versus  flow. 

Some  Indication  of  the  relation  between  losses  due  to  mixing  and  the  angle  at  which 
the  duct  flows  merge  Is  given  In  Pig  403  .  Overall  loss  for  multiple  Intakes  at  0*/l80* 
roll  angle  as  Incidence  Is  varied  appears  to  collapse  reasonably  In  to  bands  dependent  on 
Intake  type  by  plotting  the  ratio  of  kinetic  energy  efficiency  to  that  at  zero  Incidence 
(at  critical  point  conditions).  Pig  41.  Kinetic  energy  efficiency  Is  defined  as  the  ratio 
of  the  kinetic  energy  of  the  diffused  stream  after  lsentroplc  expansion  back  to  freestream 
to  that  In  the  freestream.  Its  relationship  to  pressure  recovery  Is  shown  In  Pig  42. 
Variation  of  critical  flow  ratio  with  Incidence  Is  as  Important  as  the  variation  of 
pressure  recovery  and  this  Is  shown  for  4  0*  or  180*  In  Pig  43. 

The  influence  of  body  vortices  at  angles  of  Incidence  above  6*-8*  cd  roll  angles 
of  20*-35*  from  the  top  position  is  as  large  as  It  Is  for  single  intakes.  Pig  44  shows 
values  for  recovery  variation  with  roll  angle  at  a  8*  for  four  axlsymmetrlc  intakes  at  two 
different  diverter  heights  and  with  strakes  placed  between  the  Intakes.  At  this  Incidence 
the  afreet  of  strakes  la  to  anchor  the  body  vortices  In  such  a  position  that  places  them 
below  the  Intake.  At  a  12*  however  (Pig  44)  the  stronger  vortices  shed  by  the  strakes  now 
Impinge  on  the  Intakes  and  performance  suffers  accordingly.  As  with  single  Intakes,  the 
Influence  of  Increased  diverter  height  Is  much  smaller  at  this  Incidence  than  at  lower 
angles . 


Pigs  45  and  46  show  contours  of  constant  nop  over  a  range  of  both  Incidence  and 
roll  angle  for  rectangular  Intakes  mounted  conventionally  and  inverted.  Miamatchlng 
between  Intakes  leading  to  unstable  operation  does  not  allow  measurements  to  be  made  at 
some  combinations  of  roll  and  Incidence  angles,  particularly  for  the  Intakes  mounted 
conventionally.  The  matching  of  Individual  Intake  flows  has  a  large  Influence  on  the 
performance  of  multi-duct  arrangements.  Pig  47  shows  that  for  two  Intakes  at  the  top  and 
bottom  positions  pressure  recovery  Is  almost  Invariant  with  change  of  Incidence  up  to  16*. 
If  four  intakes  are  combined  however  the  mean  recovery  of  the  top  and  bottom  Intakes  falls 
with  Increased  Incidence  at  almost  the  same  rate  as  the  mean  of  the  two  side  Intakes. 

The  matching  condition  of  equal  static  pressure  where  the  four  Intake  flows 
coincide  results  In  the  high  performance  at  the  top  and  bottom  positions  being  reduced  to 
the  performance  of  the  side  intakes  by  forcing  the  top  and  bottom  intakes  to  operate  In  a 
supercritical  condition  (Pig  48).  Similarly  when  the  body  Is  rotated  30  that  the  two 
leeslde  Intakes  are  Ingesting  the  body  vortices  then  these  Intakes  are  forcing  the 
supercritical  operation  of  the  two  windward  Intakes.  The  total  extent  of  supercritical 
operation  Imposed  upon  one  intake  when  operating  In  the  presence  of  the  other  three  as 
roll  angle  Is  varied  Is  shown  In  Pig  49. 

If  the  vortices  can  be  prevented  from  being  Ingested,  multiple  Intake  performance 
will  be  raised  at  the  ^  140*-160*  position.  However  the  poor  performance  of  the  side 
Intakes  at  the  +  «  90*  position  will  still  result  in  a  minimal  performance  at  this 
condition. 

5  MEASUREMENT  OP  FORCES  AND  MOMENTS  ON  MISSILES  WITH  NACELLES 

5.1  TECHNIQUES  OP  MEASUREMENT  AND  EXPERIMENTAL  PROGRAMMES 

Considerable  experience  has  been  obtained  in  the  measurement  of  forces  and  moments 
on  aircraft  models  that  have  nacelles  with  free  flow  ducte.  Attempts  to  Increase  accurary 
of  measurement  of  external  forces  by  mounting  nacelles  only  on  a  balance  have  not  been 
successful  for  a  variety  or  practical  reasons.  Apart  from  these  reasons  measurement  of 
forces  on  part  of  a  complete  configuration  Is  not  to  be  recommended  because  Interference 
forces  can  be  carried  on  parts  or  a  model  that  are  non-metrlc  as  well  as  on  parts  that  are 
metric.  It  Is  better  to  measure  forces  and  moments  on  a  complete  configuration  and  build 
up  Incremental  values  by  the  addition  of  components  such  as  nacelles,  wings,  controls  etc 
step  by  step.  Models  are  almost  Invariably  held  by  a  rear  sting  with  the  ducted  flow 
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can  be  attached  to  either  the  metric  or  the  non-metrlc  pert  of  th*  r.  jol  and  cannot  be 
varied  whilst  the  tunnel  Is  operating.  To  provide  u,  '"clert  exit  u* e a  to  ensure 
supercritical  operation  of  the  Intakes,  the  boatta  1  :e0  •>  -e  nu  Ilea  tnd  body  may 

have  to  be  modified  or  truncated.  Incremer*-  1  forces  (parties  la.  '  v-  aerocletsd  with 
correct  geometric  representation  of  the  hoattall  and  bare  i-egioiw  ana  t..3  .ffect  of 
underexpansion  of  the  Jet  Issuing  from  the  ~eal  cli ’  r  ,-rzles  (as  opposed  to  the  free 
flow  annular  nozzle  of  the  model)  have  to  be  measured  a  separ'tr  .  *al  with  augmented 
Jet  total  pressure. 

Similar  programmes  of  measurement  of  fortes  ar  ;  i..onents  on  tc  lleb  plus  successive 
additions  of  wings,  controls  and  nacelles  have  been  na  '  '  MA6A,  ONEnA  and  RAE.  The 

models  are  all  mounted  or.  five  or  six  component  strain  talar-es  that  are  shielded 

from  the  duct  flow,  and  measurements  of  base  press  a  nd  internal  forces  are  made  to 
correct  balance  measurements  and  obtain  external  forces  and  moments.  The  extensive  tests 
reported  In  Refs  36-38  were  conducted  with  single  and  twl..  intake  configurations  with  and 
without  a  wing  and  tall  controls.  The  Intakes  were  both  rectangular  and  axlsymmetrlc  and 
were  tested  with  one  value  only  of  exl*-  erea  ' •*  50).  "c.ts  In  tunnel  S?  h'ndane  by  ONERA 

and  In  the  8ft  x  8ft  Tunnel  at  RAE  (T.  '*  .  d)  hive  been  done  on  models  with  about  twice  the 

body  diameter  of  the  NASA  model.  The  ONERA  model  (’’l*  51)  has  a  fixed  choked  exit  with 

exit  contraction  attached  to  the  metric  part  of  the  model.  Momentum  at  the  choked  exit  Is 

estimated  from  static  or  total  pressure  measurements  upstream  of  the  exit.  In  the  RAE 
model  (Pig  52)  the  exit  momentum  station  Is  upstream  of  the  non-metrlc  variable  exit  area. 
Skin  friction  forces  are  estimated  on  the  small  portion  of  the  ou*-er  wall  of  the  annular 
duct  that  Is  downstream  of  the  rake  end  added  to  the  ... .  lu*  change  evaluated  from 

freestream  to  the  rake  station.  The  total  pressure  rakes  have  large  clearances  from  both 
outer  and  Inner  duct  walls  so  that  metric  parts  of  the  model  are  not  contacted  when  the 
model  deflects  under  normal  force  loads  at  high  Incidence.  A  calibration  using  a  static 
flow  rig  such  as  the  Aircraft  Research  Associations  Mach  Simulation  Tank  (MST)  Is 
necessary  for  the  accurate  evaluation  of  Internal  momentum  and  mass  flow  from  the  rake 
pitot  and  static  pressure  measurements.  The  current  range  of  model  geometries  and  test 
conditions  Is  shown  In  Fig  53. 

5.2  NORMAL  FORCE  AND  CENTRE  OP  PRESSURE  CHANGES  DUE  TO  ADDITION  OP  NACELLES 

Although  nacelles  are  separate  entitles  that  are  added  to  the  b*3le  body,  results 
of  Refs  36-38  (unlike  ONERA  and  RAE  measurements)  do  not  Include  body  alone  data.  Normal 
force  and  centre  of  pressure  estimates  for  a  cylindrical  body  with  a  tangent  ogive  nose  by 
the  seml-emplrlcal  British  Aerospace  ABACUS  method  have  been  shown  to  be  accurate. 
Estimates  using  ABACUS  and  Incremental  forces  measured  due  to  the  addition  of  tails  on  the 
single  Intake  configuration  have  enabled  Incremental  normal  farces  to  be  derived  for  both 
single  and  twin  intake  configurations  (Fig  5*1,55).  Rectangular  nacelles  act  e.s  more  effi¬ 
cient  wings  than  circular  nacelles  over  the  whole  Incidence  range  and,  as  would  be 
expected,  the  addition  of  nacelles  and  tails  shifts  the  centre  of  pressure  (measured  from 
the  body  apex)  rearwards  from  the  body  alrne  position.  Normal  force  Increments  measured 
at  ONERA  on  single  and  twin  Intakes  at  Incidences  from  0*  to  7*  agree  very  well  with  NASA 
measurements.  The  addition  of  a  single  underbody  Intake  results  In  a  small  deterioration 
to  the  lifting  efficiency  of  the  body.  Increase  In  freestream  Mach  number  from  2.5  to 
3.95  leads  to  reduced  normal  force  slope  from  0*  to  10’  Incidence  but  thereafter  the  slope 
Is  little  changed  (Pig  56). 

RAE  and  ONERA  measurements  have  mainly  been  made  on  four-intake  arrangements. 
Variations  with  Incidence  of  Incremental  normal  force  and  of  centre  of  pressure  position 
are  shown  In  Pig  57  and  exhibit  the  same  trends  a3  those  observed  for  the  two  intake 
configurations.  Variation  of  normal  force  Increment  with  roll  angle  for  four  rectangular 
Intakes  Is  quite  small  (Pig  58). 

Pig  59  summarises  the  changes  In  nacelle  normal  force  Increment  in  comparison  with 
wing  normal  force  Increments  with  net  span  which  Is  relevant  to  launcher  dimensional 
constraints  and  with  net  planform  area.  On  a  planform  basis  obviously  the  nacelles  are 
Inefficient  with  respect  to  wings  but  on  a  span  basis  this  is  not  so  evident. 

6  DRAG  OF  MISSILES  WITH  AIR  BREATHING  PROPULSION 

6.1  COMPONENTS  OP  DRAG  AND  THEIR  MAGNITUDE 

Total  missile  drag  Is  made  up  of  wave  and  skin  friction  drag  of  the  four  main 
components,  body,  wings,  controls  and  engine  Installation  together  with  Interference 
between  these  components  and  the  drag  of  miscellaneous  Items  such  as  aerials,  leaks, 
surface  roughne33  and  excrescences  such  as  cable  ducts  etc.  Engine  Installation  drag 
components  are  cowl,  pre-entry  (or  additive  as  it  Is  known  In  the  USA)  intake  spillage, 
body  boundary  layer  bleed  or  diverter,  compression  surface  bleed  and  afterbody. 

These  are  Illustrated  dlagrammatlcally  in  Pig  60  and  all  except  afterbody  drag  will 
be  considered  In  more  detail.  The  concept  of  pre-entry  or  additive  drag  Is  well  known  and 
follows  from  the  conventional  definition  of  engine  thrust  as  being  the  change  of  pressure 
and  momentum  forces  for  the  flow  In  the  Ingested  streamtube  from  freestream  to  nozzle 
exit.  If  engine  and  Intake  matching  ensures  that  the  intake  Is  always  operating  in  a 
critical  or  supercritical  condition  then,  depending  on  shock-on-llp  Mach  numt_r  MSqL, 

the  intake  Is  operating  at  datum  flow  (Pig  60(a))  or  at  maximum  (or  full)  flow  with 


confined  to  cowl  wave  drag  Doow^  and  skin  friction  drag.  If  at  maximum  flow,  compres¬ 
sion  surface  shocks  are  ahead  of°the  cowl  lip  and  there  la  a  wave  drag  due  to  pre-entry  or 

supersonic  fcre-splllage,  D_„  ,  to  be  added  to  cowl  wave  drag  (Pig  60(b))  so  that: 
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If  the  Intake  Is  orera  lng  In  the  subcrltlcal  regime  with  the  cowl  lip  shock 
detached  (Pig  60(c))  then: 
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The  change  In  cowl  wave  drag  (“  ^cowi  -  D00wl  )  18  usuaHy  a  small  negative 

quantity  that  slightly  offsets  the  large  Increase  in  pre-entry  drag  (Dpre-  Dppe  )  that 
occurs  when  all  or  part  of  the  fore-splllage  Is  subsonic.  Designers  of  mlsslleS  with 
ramjet  engines  generally  try  to  avoid  operating  Intakes  subcrltlcally .  However,  if  the 
Intake  has  excessive  (le  non-self  starting)  Internal  contraction  then  the  critical  and 
supercritical  flow  regime  la  Identical  to  a  subcrltlcal  flow  regime  as  regards  external 
urag. 

An  Illustration  of  the  wide  range  of  values  for  drag  components  for  two  designs 
(nose  mounted  Intake  and  side  mounted  Intakes)  Is  shown  in  Table  II. 

TABLE  II 


Component 

Nose 

mounted  Intake 

Body  side  mounted  Intakes 

Wave  t 

Skin  friction  % 

Wave! 

Skin  friction  t 

Cowl 

35 

2  ) 

Diverter 

- 

12  ) 

11 

Afterbody 

15 

2  > 

Wings  and  controls 

15 

7 

• 

21 

Body 

14 

)  52 

Miscellaneous 

14 

) 

A  more  detailed  breakdown  of  Intake  drag  for  body  mounted  nacelles  has  been  given 
In  Ref  39  and  13  shown  In  Table  III. 


TABLE  III 


Intake  type 

Rectangular  % 

Half  axlsymmetrlc  % 

Axlsymmetrlc  % 

Component 

Cowl  and  endwalls 

6.0 

6.5 

6.0 

Pre-entry 

1.5 

2.0 

1.7 

Diverter  or  bleed  h/dh 

0.033 

2.5 

0.053 

0.066 

6.5 

2.0 

0.1 

8 

Compression  surface 
bleed 

5 

. —  .  . 

Some  of  the  large  differences  In  component  drag  are  due  to  different  standards  of 


6.2  ESTIMATION  OP  DRAG 

6.2.1  AXISYMMETRIC  AND  HALP  AXISYMMETRIC  COWLS 

Historically  some  of  the  first  predictions  of  wave  drag  for  circular  pitot  intakes 
were  obtained  U3lng  linear  or  first  order  theory.  Using  the  linearised  equation: 
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where  f  is  a  perturbation  potential  defined  by 

u  »  41  and  v„ 
p  3x  p 
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u_  and  v_  <<  U,  u_  and  v„  <<  a 
P  P  ’  P  P 

Lighthlll1* 0 ’ 1  derived  expressions  for  pressure  coefficients  on  slender  bodies  with 
both  continuous  and  discontinuous  variations  in  body  slope.  Fraenkel42  extended  this  to 
open  nosed  bodies  of  revolution  and  obtained  expressions  for  drag  of  both  conical  and 
parabolic  cowl  shapes.  Willis  and  Randall**  applied  slender  body  theory  to  a  family  of 
curved  profiles  defined  by: 

R  “  **  -  (Rm  -  RcHi  -  r)  ny,heve  n  *  1 

which  Includes  the  conical  (n  ■  1)  and  the  parabolic  cowl  (n  »  2)  (Pig  61)  to  obtain  a 
general  expression  for  drag  (if  n  is  an  integer  and  greater  than  unity)  as: 

c°  fc)2  ' 2  f  *;) n*  k  *  •»  k  *  ’» %  *  ^los«  i.1 

L 

where  an,  Bn  and  yn  are  functions  of  n  and  are  plotted  in  Pig  62. 

The  conical  profile  (n  ■  1)  has  two  discontinuities  in  Blope  (at  the  beginning  and 
end  of  the  profile)  and  the  expression  for  drag  la: 
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A  simpler  expression  for  the  wave  drag  of  conical  cowls  was  deduced  by  Ward 
quasi-cylinder  rather  than  slender  body  approximations  as: 


Mi) 


using 


where  U. (x)  la  shown  plotted  in  Pig  63  and  «  is  the  cone  semi-angle  in  radians  and  R  la  a 

mean  radlu3.  Warren  and  Ounn  showed  that  the  simplest  mean  radius  H  «  (R  +  R  )/2  does 

not  give  plausible  results  when  R^  becomes  much  smaller  than  Rm  and  the  open  nose  body 

tends  towards  a  solid  cone,  A  weighted  mean  radius  R^  -  (h5+r£)/2  gives  a  better  result 

P  2  cm 

for  area  ratios  R'yR'f  from  1.0  to  0.2  so  that  the  expression  for  drag  coefficient  based  on 
maximum  area  becomes? 
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Praenkel1*6  used  quasi-cylinder  approximations  to  derive  the  following  expression 
for  the  drag  of  parabolic  profiles: 

(Li  V 
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where  T(x)  is  also  plotted  in  Pig  63. 
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L^ls  the  length  of  the  full  body  and  L  is  the  length  of  the  open  nosed  body  which 
la  a  cart  of  the  full  length  body. 
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slender  body  and  quasi-cylinder  approximations  for  conical  and  parabolic  profiles  are 

given  In  Ref  46.  Fraenkel1*7  gives  a  similar  presentation  combining  slender  body  (for 
0Rffl/L  ■  0.05  to  0.3)  and  quasi-cylinder  (for  BR^L  “  0.6  to  1.0)  values  modified  by  the 

introduction  of  exact  values  for  conical  and  parabolic  pointed  bodies  at  Ac/Am  •  0. 

Values  from  Ref  47  are  compared  to  the  slender  body  results  of  Willis  and  Randall 
and  results  from  characteristics  calculations  for  conical  profiles^8  in  Fig  64. 

Both  first  order  and  Van  Dyke's  second  order  theory  become  Increasingly  inaccurate 
as  Initial  angle  of  the  cowl  approaches  the  freestream  Mach  angle.  Cowls  for  centrebody 
Intakes  are  usually  inclined  initially  near  to  the  local  flow  direction  from  the  conical 
compression  surfaces  and  hence  their  initial  slopes  can  be  close  to  or  in  excess  of  the 
freestream  Mach  angle  and  other  methods  for  the  evaluation  of  wave  drag  have  to  be  used. 
The  most  accurate  of  these  is  the  method  of  characteristics  followed  by  (in  order  of 
decreasing  accuracy  and  Increasing  simplicity)  the  methods  of  second  order  shock- 
expansion,  generalised  shock-expansion,  tangent-wedge,  and  Impact  theory.  In  all  these 
methods  It  Is  convenient  to  divide  the  cowl  Into  a  number  of  straight  line  segments  and  to 
evaluate  the  pressure  coefficient  on  each  segment  before  summing  to  obtain  the  wave  drag. 
Fig  65  Illustrates  the  essentials  of  each  method.  Appendix  B  of  Ref  49  ''ontains  all  the 
Information  necessary  to  calculate  the  geometry  of  points  on  the  input  ray  1-6,  at  the 
field  points  3-il  (defined  as  the  Intersection  points  of  first  and  second  family  Mach 
lines  that  are  equally  Inclined  to  the  streamline  direction)  and  at  body  and  shock  wave 
points  7  and  12. 

Presley  and  Mossman  In  Ref  49  give  results  of  applying  all  these  methods  to  the 

same  family  of  cowl  profiles  studied  by  Willis  and  Randall  for  one  length  and  one  area 

ratio  A„/Am. 
c  m 

Experimental  values  from  a  aeries  of  pressure  plotted  elliptic  profile  cowls  that 
can  be  approximated  by  the  W11113  and  Randall  family  are  given  by  Samanich  In  Ref  50. 

These  values  of  wave  drag  are  shown  plotted  in  Fig  66  In  the  linear  theory  form  of 

CD(L/Rra) 2  versus  0R ^L  which  effectively  collapses  all  the  results  from  different  Initial 

slope  cowls  and  Mach  numbers  for  a  given  area  ratio.  Values  from  shock-expansion 
calculations  for  the  3ame  profiles  are  not  quite  so  well  collapsed.  The  same  values  for 
wave  drag  together  with  results  from  the  Presley  and  Mossman  characteristics  calculations 

O 

are  plotted  in  Fig  67  using  the  hypersonic  similarity  parameters  0.7  and  «Q . 

The  parameters  also  effectively  collapse  both  measured  and  characteristics  values  Into 
curves  that  appear  to  be  only  functions  of  area  ratio.  However  variation  with  area  ratio 
Is  different  for  the  characteristics  and  the  measured  values  as  Illustrated  in  Fig  68 
probably  because  fineness  ratio  does  not  occur  explicitly  In  the  hypersonic  similarity 
parameters.  Although  fineness  ratio  does  occur  in  the  supersonic  similarity  parameters. 
Fig  69  shown  that  characteristic  values  are  not  properly  collapsed  for  variation  of  both 
Mach  number  and  fineness  ratio. 

For  the  fineness  ratios  0.4-2. 3  and  area  ratios  0.5-0. 8  of  the  experimental 
measurements  the  shock-expansion  method  is  probably  sufficiently  accurate  for  most 
purposes  until  the  Mach  number  at  which  the  cowl  shock  wave  becomes  detached  i3 
approached.  Under  these  conditions  If  the  cowl  initial  angle  Is  not  too  high,  linear 
theory  appears  to  give  a  reasonable  result  (Fig  70). 

6.2.2  PRE-ENTRY  AND  SPILLAGE  DRAG 

Pre-entry  drag  can  be  evaluated  either  by  computing  the  change  in  pressure  forces 
and  momentum  for  the  flow  in  the  ingested  streamtube  from  freestream  conditions  to  the 
Intake  entry  plane  or  by  integrating  the  pressure  multiplied  by  projected  area  along  the 
stagnation  streamline  from  freestream  to  intake  cowl  lip. 

Evaluation  of  pre-entry  drag  due  to  supersonic  forespillage  by  integrating  the 
pressure  along  the  stagnation  streamline  is  particularly  simple  for  a  two  wedge  or  cone 
compression  surface: 

Ve  “  (Px-Pj^-A..)  +  (P2-P.  ) 

o 

Some  typical  values  for  cone,  wedge  and  double  wedge  compression  surfaces  with 
compression  surface  shock  waves  focussed  on  the  cowl  lip  at  M,.  2.4  are  shown  in  Fig  71(a). 

When  the  Intake  Is  operating  with  subsonic  forespillage  and  the  cowl  lip  »ehock  is 
detached  evaluation  of  pre-entry  drag  (Fig  71(b))  for  a  two  wedge  or  cone  compression 
surface  become.': ; 

stagnation  pt 

Dpre  “  (Pi-P.)(*i-A.)  +  (P2"P.  >  +  /  (P-P.)dA 

NS 

and  is  more  difficult  because  the  variation  of  pressure  along  the  stagnation  streamline 
from  the  detached  normal  shock  to  the  cowl  lip  is  not  known.  However  as  was  stated  in 
i  m>».»nkr»  dencr  due  t.o  suhnonlr.  f  oresnlll  ntre  Is  aenomnanled  bv 
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atagnation  point 

D5pUl  ‘  NJ  (P‘P-)dA  +  ADcowl  ■  (PNjfP-XVO 


le  the  underestimate  of  pre-entry  drag  obtained  by  not  accounting  for  the  rise  In  static 
pressure  from  the  value  behind  the  normal  shock  to  the  stagnation  point  value  compensates 
for  the  decrease  In  cowl  drag  (AD  ^  Is  negative).  This  can  be  written  alternatively  a3 : 


-spill 


XV 


This  method  of  estimation  obviously  does  not  take  account  of  differences  in  *DC0W^ 

due  to  differences  In  the  shape  of  sharp  lipped  cowls.  It  Is  found,  generally,  that  above 
M_  1.6-1. 7  the  ADC0Wi  term  Is  small  and  for  spillage  up  to  20-30*  the  effect  of  variation 

of  cowl  shape  Is  very  small. 


The  pitot  Intake  assumption  obviously  applies  directly  for  compression  surface 
Intakes  when  the  compression  surface  shocks  are  on  or  Inside  the  cowl  lip  and  spillage 
drag  evaluated  on  this  basis  at  2.4  is  shown  In  Pig  71(c).  If  the  compression  surface 
shocks  are  outside  the  cowl  lip  and  their  Intersection  point  with  the  detached  normal 
shock  also  remains  outside  the  entering  streamtube  as  the  intake  spills,  then  on  the  same 
basis  (Fig  71(d)) 

Dsplll  “  (Pi-P.XAi-A.)  +  (P2-P.  5  +  {p  NS"15-  )(Ac  ~A2  > 

The  position  of  the  normal  shock  has  to  be  found  to  evaluate  A1  and  this  Is  done  by 

assuming  a  linear  movement  of  the  cowl  lip  shock  from  attached  at  full  flow  to  the  shock 
position  that  would  be  obtained  for  a  blunt  body  equivalent  to  the  intake  at  zero  flow52. 
The  shock  wave  geometry  can  be  treated  In  differing  ways  for  a  multiple  shock  compression 
surface  and  analytical  expressions  for  two-wedge  intakes  are  given  In  Ref  53. 


6.2.3  DIVERTER  AND  BLEED  DRAG 

The  boundary  layer  on  the  body  can  be  prevented  from  entering  the  intake  by  raising 
the  Intake  from  the  surface  of  the  body  and  then  diverting  or  ducting  away  the  boundary 
layer  In  the  space  between  the  Intake  and  the  body  surface.  In  both  cases  the  boundary 
layer  diversion  or  extraction  will  be  associated  with  a  drag. 

BLEED  DRAG 


A  ram  scoop  bleed  may  be  preferable  to  a  diverter  If  the  main  flow  duct  has  to  turn 
Into  the  body  Immediately  downstream  of  the  entry  plane  so  that  the  angle  of  the  diverter 
wedge  has  to  be  large  or  If  air  Is  needed  for  some  purpose  such  as  cooling  electronic 
components.  The  bleed  duct  will  perform  In  the  same  manner  a3  the  main  engine  air  duct. 

A  correct  choice  of  exit  area  will  enable  the  Intake  to  run  full  le  In  a  critical  or 
supercritical  condition  and  at  supersonic  speeds  the  exit  area  to  the  bleed  duct  will  be 
choked  unless  the  bleed  pressure  recovery  Is  very  low.  A  divergent  nozzle  can  be  added 
downstream  of  the,  choked  throat  to  expand  the  bleed  flow  to  freestream  or  possibly  base 
static  pressure  and  discharge  the  bleed  air  at  supersonic  velocity  if  sufficient  bleed 
total  pressure  Is  available. 


Bleed  Internal  drag  can  be  written  as: 
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Values  for  Cr 


BL 


calculated  from  these  two  equations  are  shown  In  Pig  7251*  as 


lnt 


functions  of  M-t  bleed  Intake  pressure  recovery  PBL_  /?m  and  bleed  flow  AgL  /A_ .  For  a 
normal  shock  ram  scoop  bleed,  bleed  pressure  recove?$  values  are  shown  typically  In 
Pig  735  • 


The  same  equations  can  be  U3ed  to  calculate  bleed  drag  for  a  compression  surface 
throat  bleed  (Pig  74).  Por  a  flush  throat  bleed,  total  pressure  Is  found  to  be  roughly 
equal  to  the  static  pressure  behind  the  final  normal  shock  of  the  main  Intake  and  this 
pressure  recovery  pMq/P  Is  shown  calculated  for  a  10*-10*  wedge  compression  surface  in 
Fig  73.  N5 

DIVERTE  .  DRAG 

The  wave  drag  of  wedge  shaped  boundary  layer  diverters  (Pig  75)  has  been  presented 
in  a  correlation  shown  in  Pig  76  (from  Ref  55)  for  three  different  diverter  heights  h/« 
0.75,  1.0  and  1.25.  The  same  basic  data  (derived  from  NASA  reports  of  the  19503)5® »57 >58 
has  been  smooth  and  plotted  In  carpet  form  for  h/S  1.0  In  Pig  77(a).  Change  of  diverter 
drag  with  change  in  h/«  is  shown  In  Pig  77(b)  and  Illustrates  some  of  the  scatter  of  the 
data. 


Compressible  flow  flat  plate  boundary  layer  data  glve3  a  good  estimate  of  diverter 
skin  friction  drag  If  the  skin  friction  coefficient  Is  based  on  total  wetted  area  Inside 
the  diverter  passage  and  the  Reynolds  number  Is  based  on  the  length  of  the  diverter 
passage.  Alternatively  Ref  55  gives  diverter  skin  friction  drag  as: 


'fw 


where  Cfw  and  the  multiplication  factor  CD  /Cfw  are  obtained  from  Pig  78.  The  Reynolds 

number  In  this  case  Is  baaed  on  frestream  Conditions  and  length  of  boundary  layer  upstream 
of  the  diverter  entry.  A  Is  the  frontal  area  of  the  diverter  and  A  the  wetted  area  of 
the  diverter  passage.  p 


7  CONCLUDING  REMARKS 


Although  the  Internal  flow  efficiency  of  nose  Intakes  and  underbody  intakes  (when 
combined  with  a  bank-to-turn  control  system)  will  always  be  superior  to  body  mounted 
multi-intakes,  the  overall  efficiency  taking  Into  account  external  flow  forces,  volume 
utilisation  and  control  reaction  time  may  not  be  so  clearly  demonstrable.  The 
considerable  interaction  effects  of  the  body  flow  field  on  multi-intake  performance  and 
nacelle  contributions  to  external  '"-'rces  have  been  illustrated.  Effects  of  body  cross 
flow  and  vortex  Ingestion  have  been  highlighted.  At  the  present  time  It  Is  not  clear  what 
type  of  Intake  (rectangular,  half  axisymmetrlc  or  axisymmetric)  or  orientation  is  best 
suited  to  these  unfavourable  flow  fields  at  matched  engine  and  Intake  airflows. 
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FIG  19  CONDITIONS  FOR  FORMATION 
OF  ASYMMETRIC  VORTICES  (REF  15) 
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FIG  20  VORTEX  POSITION  FOR  CIRCULAR 
BODY  WITH  »  WITHOUT  STRAKE  4  FOR  SQUARE 
SECTION  BODY 
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FIG  21  VORTEX  POSITIONS  VIEWED  UPSTREAM 
FROM  THE  TOP  RAKE  POSITION  AS  THE  BODY 
IS  ROLLED 
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FIG  22  VARIATION  OF  PITOT  PRESSURE  WITH 
ROLL  ANGLE  WITH  4  WITHOUT  STRAKE 
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FIG  24  VARIATION  OF  CALCULATED  SHOCK  &  MEASURED 
RECOVERY  WITH  INCIDENCE  FOR  RECTANGULAR  INTAKE  (REF  16) 
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FIG  26(a)  VARIATION  WITH  INCIDENCE  OF  RECOVERY 
RELATIVE  TO  RECOVERY  AT  ZERO  INCIDENCE  FOR 
AXISYMMETRIC  INTAKES 
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FIG  25  VARIATION  WITH  INCIDENCE  OF  RECOVERY 
RELATIVE  TO  RECOVERY  AT  ZERO  INCIDENCE  FOR 
RECTANGULAR  INTAKE  WITH  DIFFERENT  ENPWALLS  (REF  17) 
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FIG  26(b)  VARIATION  WITH  INCIDENCE  OF  MAXIMUM 
FLOW  RELATIVE  TO  ZERO  INCIDENCE  VALUE  FOR 
AXISYMMETRIC  INTAKES 
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FIG  27(b)  VARIATION  WITH  INCIDENCE  Or  MAXIMUM 
FLOW  RELATIVE  TO  ZERO  INCIDENCE  VALUE  FOR  TWO 
CONE  CENTREBODY  INTAKES 


FIG  27(a)  VARIATION  WITH  INCIDENCE  OF  RECOVERY 
RELATIVE  TO  ZERO  INCIDENCE  VALUE  FOR  WO  CONE 
CENTREBODY  INTAKES 
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FIG  30  COMPARISON 
OF  PERFORMANCE  AT 
INCIDENCE  OF  HALF 
AXISYMMETRIC  4 
AXISYMMETRIC  INTAKES 
WITH  4  WITHOUT  A 
COWL  SHROUD 


FIG  31  EFFECT  OF 
CENTREBODY  PIVOTING 
4  COWL  RAKING  4 
PIVOTING  ON  AXI¬ 
SYMMETRIC  INTAKE 
PERFORMANCE  AT 
INCIDENCE 
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FIG  33  PERFORMANCE  OF  SINGLE  HALF 
AXISYMMETRIC  INTAKE  ON  A  BODY  AT 
M  2.0  (REF  6) 
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FIG  A3  VARIATION  OF  MAXIMUM  CAPTURE 
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FIG  65  METHODS  FOR  CALCULATING 
COWL  PRESSURE  DISTRIBUTIONS 
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FIG  68  LIMITATIONS  OF 
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INTEGRAL  BOOST,  HEAT  PROTECTION,  PORT  COVERS  AND  TRANSITION 

fay 

T.  0.  Myers 

United  Technologies/Chemical  Systems  Division 
P.0.  Box  50015 

San  Jose,  California  95150-0015 
SUMMARY 

The  Integral  rocket  ramjet  (IRR)  employs  a  dual-purpose  combustor  that  serves  Initially  as  a  rocket 
combustion  chamber  for  the  Integral  booster  and  subsequently  as  a  ramjet  combustor.  The  subjects  of  this 
lecture  are  the  requirements  and  basic  design  approaches  for  the  Integral  booster  motor,  heat  protection 
for  the  Integral  booster  motor,  heat  protection  for  the  combustor  case  and  nozzle,  port  cover  and 
transition  systems.  These  requirements  and  design  approaches  for  the  Integral  booster  motor  will  Include 
the  special  considerations  that  must  be  made  for  the  various  types  of  Integral  rocket  ramjet  propulsion 
■i'stzms  that  Include  the  liquid  fuel  ramjet,  solid  fuel  ramjet  and  ducted  rocket  engines. 


The  Integral  boost  motor  Includes  the  solid  propellant  grain.  Igniter,  ejectable  nozzle  and  release 
mechanism  and  Interface  bond  system.  The  Integral  boost  motor  must  accelerate  the  missile  from  the  Mach 
number  and  altitude  conditions  at  launch  to  a  suitable  velocity  for  ramje'  takeover,  typically  Mach  1.5 
to  2.5.  The  Integral  boost  motor  weight  Is  very  Important  since  It  Is  typically  20  percent  of  the  missile 
weight  for  air  launched  and  25  percent  for  ground  launch  missiles.  Furthermore,  the  combustor  volume 
required  for  the  Integral  boost  motor  generally  exceeds  the  size  required  for  high  performance  ramjet 
operation.  Thus  minimum  booster  length  yields  the  highest  ramjet  fuel  load  and  thereby  range. 

Since  gravity  drag  losses  are  a  significant  factor  in  establishing  the  integral  boost  motor  perfor¬ 
mance,  It  is  also  desirable  to  use  the  highest  thrust  compatible  with  the  vehicle  structural  design  and 
radome  temperature  constraints  to  minimize  burn  Lime.  These  three  primary  Integral  boost  motor  design 
requirements  lead  to  tne  need  for  high  burn  rate  propellants  with  good  physical  properties  to  permit  high 
volumetric  loading  efficiencies.  Typical  integral  boost  motor  design  approaches  are  discussed  that  pro¬ 
vide  these  capabilities.  The  use  of  nozzleless  motors  as  a  design  solution  to  simplify  the  Integral 
booster  Is  also  discussed. 


Heat  prote;t1on  for  the  Integral  rocket  ramjet  combustor  case  must  provide  for  long  duration  with  a 
high  temperature,  oxidizing  environment.  The  material  selected  for  heat  protection  of  the  IRR  combustor 
must  also  provide  a  good  structural  and  bonding  Interface  for  the  Integral  boost  motor.  The  heat  pro¬ 
tection  material  must  withstand  both  the  high  temperature  and  pressure  boost  motor  environment  as  well  as 
the  long  .duration,  low  pressure  ramjet  operating  conditions.  Several  heat  protection  materials  have  been 
Investigated  for  application  to  IRR  combustors  that  Include  silica  phenolic,  quartz  phenolic  and  a  sili¬ 
cone  elastomer  material,  DC  93-104,  that  was  specially  formulated  for  IRR  applications.  The  requirements 
for  the  heat  protection  and  general  lessons  learned  from  development  testing  with  the  various  materials 
Is  discussed. 


The  IRR  propulsion  system  requires  port  covers  to  seal  the  Interfaces  between  the  combustor  and  air 
inlet.  Depending  on  the  IRR  configuration  the  port  cover  may  be  a  large  unit  covering  a  single  air  Inlet 
or  several  small  units  covering  multiple  air  Inlets.  The  port  covers  must  be  designed  to  structurally 
support  the  high  Integral  boost  pressure  between  1000-2000  psla  and  still  be  capable  of  being  easily 
ejected  by  the  ram  air  Inlet  pressure  In  a  reproducible  and  reliable  manner  without  damaging  the  heat 
protection  materials  lining  the  combustor  case  and  nozzle.  Depending  on  the  IRR  configuration,  the  port 
cover  may  have  a  direct  structural  and  bond  Interface  with  the  Integral  boost  grain.  Typical  design 
solutions  to  the  port  cover  requirements  are  presented.  Including  monolithic  and  segmented  designs.  A 
novel  solution  that  has  been  conceived  for  solving  the  port  cover  design  problem,  employing  a  hinged 
concept  will  also  be  discussed. 


Design  and  analyses  of  the  transition  sequence  from  rocket  to  ramjet  r  des  of  operation  represent  one 
of  the  most  Interesting  and  challenging  aspects  of  the  IRR  propulsion  system.  The  transition  sequence 
typically  begins  with  ejection  of  the  port  covers  from  the  IRR  combustor  and  Includes  boost  nozzle  ejec¬ 
tion,  ramjet  fuel  valve  opening.  Initiation  of  ram  air  turbine  operation  and  ramjet  Igniter  actuation. 

All  of  these  events  must  be  carefully  sequenced  to  ensure  successful  transition  In  a  very  short  time, 
typically  300-500  msec.  Moreover  one  of  the  major  considerations  In  achieving  a  successful  transition 
Is  an  accurate  accounting  of  all  energy  sources,  Including  residual  boost  grain  sliver,  heat  protection 
material  ablation  products,  ramjet  Igniter  gases  and  the  ramjet  fuel  transient  flow  rate.  The  heat 
protection  material  ablation  gases  frequently  Include  methane,  hydrogen  and  other  combustible  hydrocarbons. 
The  heat  release  from  these  gases  can  contribute  30-40  percent  of  the  energy  needed  for  normal  ramjet 
operation  at  takeover.  Since  Inlet,  design  margins  are  typically  minimum  at  takeover, failure  to  consider 
these  Important  energy  sources  can  and  has  led  directly  to  IRR  flight  failures. 

INTEGRAL  BOOST  MOTOR 

The  Integral  rocket  ramjet  (IRR)  propulsion  systems  represent  a  sophisticated  technology  objective 
for  advancing  tactical  and  strategic  missile  applications.  The  three  basic  ramjet  types  shown  In  figure  1 
fanrftepnt  the  tvniral  enalne  conf 1 auratlons .  Intearatlon  of  the  solid  rocket  booster  motor  with  the 
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and  volume  advantages  when  compared  to  the  podded  or  tandem  ramjet  configurations.  When  compared  to 
conventional  boost/sustain  solid  rocket  motors  with  the  same  weight  and  envelope,  the  IRR  can  provide 
a  200%  to  300%  Increase  In  powered  range. 

Naturally,  the  advantages  for  the  IRR  configuration  do  not  come  free.  In  this  Instance,  the  price 
Is  primarily  related  to  the  unique  complexities  associated  with  the  Interfaces  between  the  solid  booster 
motor  and  the  ramjet  engine. 

The  booster  motor  for  the  Integral  rocket  ramjet  must: 

1.  Accelerate  the  missile  from  ground  or  air  launch  speed  to  a  Mach  No.  satisfactory 
for  ramjet  takeover. 

2.  Provide  high  volumetric  loading  to  minimize  combustor  volume. 

3.  Provide  required  4V  gain  within  4  to  6  sec  to  minimize  gravity  drag  losses. 

4.  Provide  minimum  motor  residuals  to  allow  rapid  transition  to  ramjet  operation. 

5.  Provide  ejectable  boost  nozzle  to  permit  ramjet  engine  to  operate  at  low 
ramalr  pressures. 

6.  Cause  minimum  damage  to  the  ramjet  engine  TPS. 

A  typical  Integral  booster  motor  Is  seen  In  figure  2.  Operation  of  the  IRR  begins  with  Ignition  of 
the  Integral  booster  motor  after  the  missile  has  been  ejected  from  the  aircraft.  The  booster  motor  must 
accelerate  the  missile  from  the  Mach  number-altitude  condition  at  launch  to  a  velocity  suitable  for  ram¬ 
jet  takeover,  typically  a  Mach  number  from  1.5  to  2.5.  The  booster  must  operate  over  a  wide  range  of 
launch  conditions,  ranging  from  ground  launch  to  air  launch  at  Mach  number  of  0.5  at  low  altitude  up 
to  0.7  to  0.8  at  midaltitudes.  The  booster  motor  propellant  weight  Is  typically  20%  of  the  missile 
weight  for  air  launched  applications.  For  ground  launch  application  the  booster  fraction  Is  approximately 
25%. 


The  booster  motor  burns  for  approximately  4  to  6  sec  at  chamber  pressures  between  1,000  to  2,000  psia. 
During  the  talloff  transient  of  the  booster  motor,  a  chamber  pressure  transducer  signals  a  control 
mechanism  which  releases  the  booster  nozzle  under  the  force  of  the  residual  booster  pressure.  A  port 
cover  plug,  Installed  at  the  Interface  between  the  combustor  case  and  the  turn  and  dump  section  of  the 
Inlet  diffuser.  Is  subsequently  ejected  by  the  force  of  the  ram  air  pressure  when  It  exceeds  the  decaying 
booster  chamber  pressure.  The  port  cover  Is  ejected  aft  through  the  combustor  case  and  ramjet  nozzle. 

After  the  port  cover  has  been  released,  ram  air  Is  free  to  flow  through  the  combustor  case  ar.d 
nozzle.  Since  the  vehicle  drag  forces  are  high  at  the  transition  from  rocket  to  ramjet,  It  Is  desirable 
to  minimize  the  time  from  rocket  shutdown  to  ramjet  steady  state  operation.  Typical  transition  times 
are  from  500  to  1,000  msec.  A  grain  design  with  minimum  slivers  and  minimum  residual  or  combustible 
materials  Is  critical  to  avoid  either  an  excessive  loss  In  system  performance  capability  or  an  undue 
risk  of  Inlet  unstart  which  could  cause  a  failure  In  ramjet  takeover.  The  quantity  and  rate  of  heat 
release  from  the  booster  motor  residual  materials  has  a  direct  Impact  on  the  design  of  the  ramjet  fuel 
control  system  and  Indirectly  upon  the  Inlet  if  pressure  control  probes  which  must  be  Installed  in  the 
Inlet  are  rcq"1red.  Design  of  a  booster  motor  having  no  combustible  residual  materials,  for  Instance, 
could  significantly  simplify  the  design  and  cost  of  the  ramjet  fuel  control  system. 

High  Volumetric  Loading 

Maximum  IRR  range  Is  obtained  with  a  solid  propellant  boost  grain  of  minimum  volume  since  the  solid 
propellant  volume  required  for  an  optimum  ramjet  takeover  velocity  Is  larger  than  the  chamber  required 
for  satisfactory  ramjet  combustion  efficiency.  Thus,  a  high  density  solid  propellant  In  a  grain  config¬ 
uration  of  high  volumetric  efficiency  Is  an 'Important  design  objective  for  the  booster  motor.  A  1% 
Increase  In  propellant  grain  length  and  combustor  length  could  cause  a  5  to  10%  loss  In  IRR  vehicle 
range  due  to  loss  of  ramjet  fuel  storage. 

Short  Burn  Time 

Since  the  booster  motor  volume  requirement  Is  a  key  controller  In  establishing  the  maximum  IRR  r  nge. 
It  Is  also  necessary  to  minimize  gravity  drag  losses  and  thereby  reduce  the  required  booster  motor  size. 
The  approach  Is  to  minimize  the  booster  motor  burn  time  within  the  structural  limits  of  the  vehicle. 
Typically  this  approach  results  in  Integral  booster  motor  burn  times  on  the  order  of  4  to  6  sec  to  main¬ 
tain  vehicle  acceleration  limits  of  15  to  30  g.  The  maximum  thrust  limit  required  for  the  booster  due  to 
missile  structural  limitations,  In  turn,  Influences  the  size  of  the  booster  motor. 

The  ramburner  case  must  be  fabricated  from  high  temperature  alloys  such  as  L-605  or  1-718  to  with¬ 
stand  both  the  high  external  aerodynamic  and  Internal  ramjet  combustion  heat  loads.  The  ramjet  operates 
at  a  maximum  combustor  pressure  of  approximately  150  psia  at  wall  temperatures  up  to  2,000°F.  Generally, 
the  case  wall  thickness  for  this  design  condition  permits  operation  of  the  booster  at  pressures  up  to 
the  ME0P  of  1,500  to  2,000  psia.  Since  these  high  temperature  alloys  are  heavier  than  typical  solid 
rocket  case  materials,  the  booster  motor  must  operate  as  efficiently  as  possible  within  the  specified 
maximum  ME0P  limit  to  avoid  undesirable  penalties  In  case  weight  or  booster  performance.  Therefore,  a 
neutral  chamber  pressure  trace  and  a  propellant  with  minimum  value  of  ttk  will  yield  a  booster  motor  with 
highest  performance. 

Propellant  Selection 


generally  within  the  range  shown  In  Table  1.  The  ARCO  R-45M  HTPB  polymer  provides  outstanding  processa¬ 
bility  and  pot  life  with  the  87%  to  89%  solids  propellants  currently  being  developed  for  booster  applica¬ 
tions,  provided  that  curing  agents  and  pot  life  extenders  are  selected  to  minimize  the  catalytic  effect 
of  burn  rate  modifiers  on  the  Isocyanate-hydroxyl  cure  reactions. 

As  Table  1  shows,  the  required  burn  rates  of  0.8  to  1.3  in/sec  at  1,000  psi  are  in  the  medium-high 
range  and  require  use  of  burn  rate  catalysts  to  achieve  these  rates.  Catalyst  selection  Is  one  of  the 
key  formulation  tradeoffs  at  the  present  time.  Iron  oxide,  Fe203,  Is  the  most  widely  used  catalyst  in 
solid  propellants,  but  It  has  the  disadvantage  of  yielding  pressure  exponents  above  0.5  and  temperature 
coefficients,  tt k ,  of  0.20%/°F  or  greater.  Since  high  pressure  and  temperature  sensitivities  result  In 
performance  penalties,  there  Is  current  Interest  In  the  utilization  of  anhydrous  ferric  fluoride  as  a 
replacement  for  iron  oxide.  This  additive  provides  n  and  itk  values  at  the  lower  end  of  the  range  shown 
in  Table  1.  However,  studies  have  Indicated  that  HTPB  propellants  using  FeFg  may  have  poorer  aging 
characteristics  than  counterparts  formulated  with  Fe203.  More  work  Is  required  to  evaluate  these 
tradeoffs  and  Investigate  approaches  to  Improved  aging  stability. 

The  high  web  fractions  characteristic  of  IRR  booster  grain  designs  coupled  with  the  broad  -65°  to 
165°F  environmental  temperature  range  require  propellants  with  excellent  mechanical  properties. 

Typical  requirements  Include  greater  than  20%  multlaxlal  strain  capability  at  -65°F  measured  In  strain 
evaluation  cylinders.  Table  2  shows  mechanical  properties  of  an  88.5%  solids  IRR  boaster  propellant 
candidate  tested  at  Chemical  Systems  Division  which  meets  the  established  requirements  for  this  type 
of  propellant. 

Grain  Design 

The  primary  objective  in  selecting  a  grain  design  for  an  IRR  propulsion  system  Is  to  achieve 
maximum  volumetric  loading  within  the  structural  limits  of  the  propellant.  There  are.  In  addition, 
several  considerations  which  are  unique  to  an  Integral  booster  motor: 

-  High  volumetric  loading 

-  Neutral  pressure  trace 

-  No  boots  In  forward  closure  which  must  act  as  ramjet  recirculation  zone 

-  Short  burn  time 

-  Minimum  sliver  and  residuals 

Figure  3  will  be  used  to  Illustrate  the  design  considerations  to  be  made  to  the  sample  grain  design. 
The  keyhole  grain  design  provides  the  following  key  features. 

1.  High  volumetric  loading  of  92% 

2.  Keyhole  slot  provides  stress  relief  without  boot  In  forward 
combustor  closure. 

3.  Nearly  neutral  pressure/thrust  profile  (1.055) 

4.  Theoretically  sliverless 

5.  Minimum  boost  residuals  as  large  exposed  area  of  liner  Is  consumed. 

Propellant  Grain/Liner  . — . 

The  propellant  grain/liner  Interface  with  ramburner  Is  a  critical  Interface  which  has  presented  a 
unique  new  set  of  technology  requirements.  The  propellant  grain/liner  Interface  with  the  liquid  fueled 
and  ducted  rocket  combustor  are  very  similar  as  seen  In  figure  4.  The  solid  fueled  IRR  presents  a 
completely  different  Interface  since  the  booster  graln/llner  must  Interface  directly  with  the  solid  ram¬ 
jet  fuel.  In  many  solid  fuel  ramjet  (SFRJ)  IRR  designs  a  dual  boost  grain  is  required  for  maximum 
volumetric  efficiency.  Each  of  the  two  grains  may  require  different  propellant  burn  rates  as  well. 

In  the  liquid  fuel  ramjet  (LFR0)  IRR  and  ducted  rocket  the  Interface  Is  with  the  TPS  which  lines 
the  case  wall.  Three  primary  TPS  materials  are  currently  being  used  In  IRR  combustors: 

1.  A  silicone  elastomer  DC  93-104 

2.  Silica  phenolic 

3.  Quartz  phenolic 

The  structural  and  chemical  Interfaces  are  vastly  different  between  the  silicone  elastomer  and 
silica  or  quartz-phenolic  materials. 

The  propel! artt/grain  liner  structural  and  chemical  Interface  considerations  are  sunmarlzed  In 
Tables  3  and  4.  The  structural  interfaces  between  the  booster  graln/llner  interface  with  DC  93-104 
presents  no  problems  relative  to  support  of  the  grain.  The  major  structural  problem  Is  to  achieve 
satisfactory  bond  strengths  with  the  silicone  elastomer  material.  Many  Interface  material  bond  systems 
have  been  evaluated  for  the  DC  93-104  material. 

Booster  Igniter 
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closure  as  well  as  the  need  to  Install  a  port  cover  at  this  Interface.  In  addition,  the  booster  Igniter 
must  provide  fast,  uniform  Ignition  of  the  Internal  grain  surface  to  avoid  nonuniform  burning  and 
undesired  slivers  at  booster  grain  burnout.  An  Igniter  material  such  as  KAG-TEF  Is  highly  desirable 
to  avoid  overpressure  during  the  Ignition  transient  which  could  result  In  an  undesirable  weight  penalty 
for  the  ramjet  case  or  excessive  pressure  rise  rates  with  the  cold  L605  case  material. 

Nozzleless  Motors 

The  primary  advantage  of  the  so-called  nozzleless  solid  rocket  motor  lies  In  the  elimination  of  the 
ejectable  booster  nozzle  and  Its  attendant  complexity  and  cost.  Nozzleless  solid  rocket  motors  employ 
simple  circular  port  grain  designs  as  seen  In  figure  5  and  are  characterized  by  highly  regressive 
pressure-time  curves  but  nearly  neutral  thrust-time  histories.  Figure  6  shows  a  typical  set  of  pressure 
and  thrust  curves  for  a  nozzleless  motor  design.  Although  nozzleless  motors  have  much  lower  specific 
Impulse  values  than  conventional  motors  using  the  same  propellant,  this  loss  can  be  largely  compensated 
by  packaging  additional  propellant  in  the  volume  usually  occupied  by  the  nozzle.  In  addition,  a  divergent 
aft  conical  surface  serves  to  accelerate  the  exiting  combustion  products,  yielding  a  small  Improvement 
In  delivered  performance. 

Nozzleless  motors  normally  require  significantly  higher  propellant  burn  rates  than  conventional 
motors  designed  for  the  same  mission.  In  addition,  propellant  pressure  exponents  should  be  less  than 
0.50  In  order  to  obtain  designs  which  are  competitive  with  nozzled  booster  configurations.  These 
additional  requirements  and  :onstra1nts  add  further  difficulty  to  the  problems  Inherent  In  formulation 
satisfactory  booster  propellants. 

Table5  summarizes  the  outlook  for  various  categories  of  nozzleless  booster  propellants.  Feasi¬ 
bility  studies  of  nozzleless  ramjet  boosters  using  high  burn  rate  aluminized  propellants  are  currently 
being  conducted  under  Air  Force  contract.  Since  these  propellants  use  liquid  ferrocene  burn  rate 
catalysts,  some  problems  In  long  term  aging  may  be  expected.  However,  there  Is  no  reason  that  high 
density-impulse  zirconium  propellants  should  not  be  as  satisfactory  tor  nozzleless  designs  as  the  alumi¬ 
nized  propellants,  and  the  same  performance  advantages  noted  earlier  for  conventional  motors  can  be 
expected.  Up  to  this  time,  no  e.'fort  has  been  expended  In  adapting  low  signature  propellants  to  nozzle¬ 
less  IRR  booster  concepts.  Because  of  their  Inherent  high  burn  rates,  such  propellants  will  be  parti¬ 
cularly  susceptible  to  acoustic  combustion  Instability.  Very  probably,  some  compromise  will  be  necessary 
In  requirements  for  smokelessness  In  order  to  develop  nozzleless  boosters  with  these  types  of  propellants. 

HEAT  PROTECTION 

Thermal  protection  of  the  Integral  rocket  ramjet  engines  requires  new  materials  and  construction 
to  withstand  the  difficult  thermal,  structural  and  chemical  environment.  A  comparison  of  the  thermal 
protection  system  (TPS)  design  consideration  fo~  rockets  and  Integral  rocket  ramjets  Is  shown  In 
Table  T  The  unique  aspect  of  the  thermal  protection  design  is  that  all  of  the  virgin  and  charred 
material  properties  required  either  by  a  solid  rocket  or  liquid  rocket  must  be  combined  for  the  Integral 
rocket  ramjet  engine.  In  particular,  the  requirements  for  a  high  strain  capability,  chemical/structural 
booster  compatibility,  high  charred  material  mechanical  strength  and  oxldatlori/eroslon  resistance 
make  thermal  protection  a  significant  IRR  design  challenge. 

The  requirements  for  the  thermal  protection  systems  for  rockets  and  ramjets  are  compared  In 
Table  7  ,  Because  of  the  lower  chamber  pressure  levels  of  the  ramjet  the  heat  fluxes  and  combustion 
temperature  are  significantly  lower  than  the  rocket.  The  ramjet,  on  the  other  hand,  operates  for 
significantly  longer  durations  with  external  aerodynamic  heating  In  an  ox  dlzlng/hlgh  viscous  drag 
environment.  Steady  state  combustor  operation  with  a  fully  charred  Insulation  material  Is  a  unique 
requirement  of  the  ramjet. 

Early  podded  ramjet  combustors  employed  air  cooling  to  thermally  protect  the  combustor  and  nozzle. 

The  advent  of  the  Integral  rocket  ramjet  with  the  dump  combustors  and  high  L/D  combustors  made  It 
generally  Impractical  to  apply  air  cooling.  Ablation  cooling  is  the  most  attractive  solution  to  thermal 
protection  of  ramjet  engines.  A  large  number  of  candidate  ablative  materials  were  evaluated  as 
potential  ramjet  Insulation  materials.  * 


Thermal  Analysis 

The  thermal  analysis  model  recommended  for  use  in  analyzing  the  integral  rocket  ramjet  thermal 
protection  systems  is  the  two  zone  model  shown  in  figure  7. 

Gonbustor  State 

The  combustor  environment  is  defined  by  a  chemical  equilibrium  calculation  based  on  measured  fuel 


to-alr  ratio  (f/a),  fuel  composition  and  enthalny,  and  air  temperature.  Calculations  are  performed 
using  the  ACE  chemical  equilibrium  program.  Corrections  for  combustion  Inefflcelncy,  when  known 
from  test  data,  are  applied  as  enthalpy  losses.  Gas  emlsslvlty  Is  based  on  the  calculated  equilibrium 
C02  and  H2O  concentrations. 

8oundary-Layer  Model 

The  convective  transport  of  heat  and  mass  to  the  surface  Is  modeled  using  a  boundary-layer  computer 
code  developed  by  R.  J.  Flaherty. ^  This  model  predicts  convective  heat  transfer  coefficients  that  are 
comparable  to  values  calculated  by  other  boundary-layer  programs. 3.4  The  boundary-layer  program  Incor¬ 
porated  the  effect  of  axial  combustor  length  Into  the  analysis  and  provided  a  continuous  model  down 
through  the  ramjet  nozzle.  Nozzle  heat  transfer  correlations  do  not  have  this  length  effect  explicitly 
Included.  The  boundary-layer  model  also  considers  the  effects  of  pressure  Mach  number,  wall  contour, 
wall  temperature  and  gas  properties. 

Charring  Lining  Heat  Transfer  Model 

Jhe  actual  thermal  response  of  the  charring  wall  and  Inconel  case  Is  modeled  by  the  CMA  computer 
code.5  This  program  is  a  one-dimensional,  transient,  charring  heat  transfer  model.  It  Includes  con¬ 
vective  heat  and  mass  transport  with  corrections  for  blowing  effects,  radiation  to  and  from  the  surface, 
and  heat  conduction  Into  the  solid  wall  material.  Pyrolysis  of  the  wall  material  Is  described  by  three 
Independent  Arrhenius-type  equations;  pyrolysis  product  gases  were  permitted  to  react  at  the  surface  of 
the  char.  The  program  can  consider  multiple  materials  with  intermaterial  gaps  transmitting  heat  by 
radiation  and  gas  conduction.  The  material  properties  uses  the  same  properties  as  those  reported  for 
MX  2600  silica  phenolic.6  Separate  sets  of  temperature-dependent  thermal  conductivity  and  specific 
heat  were  Input  for  virgin  and  char  material,  respectively. 

The  reaction  of  the  pyrolysis  gas  with  the  ramlet  combustion  products  Is  assumed  to  proceed 
to  equilibrium  at  the  char  surface,  with  the  resultant  enthalpy  change  Included  In  the  solution  for  the 
surface  temperature.  The  net  enthalpy  change  then  appears  as  a  reactive  "heat"  flux  In  addition  to 
the  convective,  radiative  and  solid  conduction  components  of  the  surface  heat  transfer.  Since  the 
pyrolysis  gas  products  are  fuel-rich,  the  reaction  Is  strongly  exothermic  whenever  unreacted  oxygen  Is 
In  the  combustion  products,  and  Is  usually  the  case  In  ramjets.  There  has  been  some  question  as  to 
whether  the  pyrolysis  gas-ramjet  reaction  actually  occurs  at  the  surface  as  this  model  suggests. 
Experimental  results  show  that  It  does  occur  In  some  sltatlons. 

Two-Zone  Modeling 

It  has  long  been  accepted  that  a  reel,  culatlon  zone  exists  downstream  of  the  step  expansion  from 
the  Inlet.  This  recirculation  zone  Is  characterized  by  higher  fuel-to-alr  (f/a)  ratios  and  higher  flame 
temperatures  than  the  overall  combustor.  To  apply  the  charring  heat  transfer  model  to  this  zone,  both 
the  local  f/a  ratio  and  the  local  temperature  must  be  predicted. 

An  extensive  study  of  recirculation  zone  f/a  enrichment  showed  a  correlation  between  overall 
equivalence  ratio  d  and  recirculation  zone  equivalence  ratio  dRZ  for  center  dump  combustors.  While  the 
correlation  Is  not  precise  (and  especially  for  charring  linings)  It  gives  a  first  approximation  to  the 
recirculation  zone  state.  The  correlation  can  be  used  to  determine  a  new  local  f/a  ratio,  and  the 
equilibrium  chemistry  calculations  can  be  used  to  determine  a  new  local  gas  temperature  for  the  recircu¬ 
lation  zone. 

As  a  first  approximation  to  convective  heat  transfer,  a  short  reverse  boundary  layer  Is  assumed 
to  develop  within  the  recirculation  zone  similar  to  that  In  the  aft  region. 

The  starting  point  for  the  aft  boundary-layer  becomes  a  semlemplrlcal  parameter  In  the  two-zone 
model.  However,  the  aft  predictions  are  In  general  not  sensitive  to  the  exact  location  of  the  boundary- 
layer  start.  The  remaining  unspecified  parameter  Is  the  recirculation  zone  gas  emlsslvlty,  which  becomes 
the  main  point  of  empiricism  In  the  present  approach.  Gas  emlsslvlty  Is  determined  from  the  charred 
engine  firing  and  then  applied  to  the  values  derived  are  consistent  with  those  derived  from  other  fuel- 
rich  ramjets. 

Two-Zona  Correlation  with  Test  Results 

Full  Charred  lining.  The  conventional  boundary-layer  model  still  matches  the  aft  region  thermocouple 
response.  The  aft  zone  can  be  considered  to  prevail  in  the  region  downstream  of  the  0.45  combustor 
station  (see  figure  8). 

The  forward  recirculation  zone  prediction  Is  significantly  higher  because  of  Increased  fuel 
concentration.  The  Ixal  equivalence  ratio  Is  approximately  1.5  for  all  phases  of  the  duty  cycle. 
Equilibrium  flame  temperatures  are  slnglflcantly  higher.  The  best  flv  t.  •  average  forward  case  tempera¬ 
tures  over  the  entire  test  duration  of  175  sec  correspondsto  a  local  effective  emlsslvlty  of  0.2,  a  not 
unreasonable  value  considering  the  highly  rich  fuel  mixture.  This  recirculation  zone  model  extends 
across  approximately  the  first  quarter  of  combustor  length. 

Virgin  Lining.  When  the  same  two-zone  model  Is  applied  to  the  actively  charring  lining,  a  reasonable 
match  Is  still  obtained  at  both  zones.  Thz  aft  region  boundary  layer  again  shifts  to  the  right.  The 
midlength  peak  In  the  thermocouple  band  suggests  a  slightly  further  aft  starting  point  than  for  the 
fully  charred  lining. 

The  forward  zone  Is  similarly  modeled  to  the  fully  charred  lining;  however,  a  temporarily  higher 
f/a  ratio  Is  used  during  active  pyrolysis  due  to  the  addition  of  fuel-rich  pyrolysis  gases.  The  ovetall 
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The  two-zone  model  Is  able  to  fit  both  locations  In  both  tests  because  the  charring  heat  transfer 
model  considered  reactive  as  well  as  convective  and  radiative  heat  fluxes.  In  the  actively  charring 
lining,  the  forward  and  aft  heat  fluxes  are  similar  In  total  magnitude,  but  quite  different  In 
nature.  The  aft  region  Is  mainly  reactive  because  of  the  exothermic  pyrolysis  gas  reactions  and  Is 
only  secondarily  convective.  In  the  forward  region,  the  higher  temperatures  and  emisslvity  raises  the 
convection  and  radiation  but  the  reactive  term  Is  reduced  a  comparable  amount  because  of  the  local  lack 
of  excess  oxygen.  The  net  result  Is  a  similar  total  heat  flux,  both  forward  and  aft. 

When  the  lining  Is  fully  charred,  the  reactive  flux  disappears.  This  reduces  the  aft  heating 
considerably,  but  has  little  effect  In  the  forward  2one  when  the  flux  was  convective  and  radiative. 

Under  these  conditions,  forward-to-aft  variation  become  characteristic.  If  the  initial  run  continues 
long  enough,  this  effect  will  be  apparent.  The  hot  foiward  zone  Is  also  seen  in  metal  wall  combustors 
where  again  no  reactive  flux  Is  present.  Thus,  the  flat  axial  temperature  profiles,  which  are  seen  with 
all  of  the  pyrolyzlng  lining  materials,  result  from  a  hct,  fuel-rich  forward  zone  and  a  comparable, 
cooler,  but  more  reactive,  aft  zone.Table  8  summarizes  these  differences  in  heat  flux  and  resultant 
temperatures  for  the  two  zones  of  both  tests. 

More  precise  modeling  of  most  of  the  present  approximations  should  not  change  the  validity  of  this 
approach.  Any  recirculation  zone  f/a  correlation  that  world  give  a  fuel-rich  forward  zone  would  be 
consistent  with  this  model.  Any  aft  boundary-layer  starting  point  In  the  midregion  of  the  engine  would 
also  be  consistent.  Changes  In  recirculation  zone  convective  heat  transfer  coefficient  would  result 
In  a  revised  empirical  emisslvity  for  both  forward  zones.  Material  property  changes  would  a’so  apply 
to  both  zones  of  both  tests. 

In  conducting  preliminary  design  studies  of  a  ramjet  propulsion  system  It  Is  Important  to  consider 
the  relative  effect  of  different  configurations  on  thermal  protection  requirements.  An  an  example. 

In  figure  9,  two  candidate  combustors  having  the  same  nozzle  area  ratio  (A5)  but  with  significantly 
different  L/D  ratios  can  satisfy  the  basic  mission  requirement.  Tne  high  l/U  combustor,  however, 
has  50*  higher  heating  and  100*  higher  combustor  gas  velocities.  This  significantly  more  severe 
thermal  environment  could  result  in  a  longer  and  more  costly  flight  engine  development  effort. 

Several  general  conclusions  can  be  dt'uwn  from  recent  thermal  protection  system  development  efforts 
that  have  involved  bench  test,  subscale  test  and  fullscale  durability  testing  of  several  thermal 
protection  systems.  These  general  conclusions  are  summarized  below. 

Bench/lab  tests  useful  as  qualitative  Indicators 
.  Can  Identify  unsatisfactory  TPS  material/construction 
.  Cannot  be  directly  scaled  to  full  size 

Analysis  required  to  Identify  requirements 

Fundamental  TPS  laboratory/subscale  test  data  acceptable. 

Testing  required  to  demonstrate  specific  requirements,  such  as 
.  Weight  loss  vs  temperature  and  time 

.  Strain  capability  of  virgin/charred  TPS  material 

Correlation  of  Information  from  various  tests 

Prohibitive  cost/schedules  for  F/S  IRrt  TPS  durability  tests  systematic  approach  ; 

Improved  thermal/structural  desired  TPS  modeling  techniques  are  needed 

PORT  COVERS 

Among  the  key  elements  In  the  1RR  concept  Is  the  air  Inlet  port  cover.  The  port  cover  design  1 
requirements  are  summarized  below.  Depending  upon  the  configuration  of  the  ramjet  comtustor,  the  poiit 
cover  may  be  a  large  unit  covering  a  single  axial  Inlet  or  several  smaller  units  covering  multiple  aljr 
Inlets.  The  cover,  or  covers,  must  withstand  booster  chamber  pressures  of  1,000  to  2,000  and  still  \ 
be  capable  of  being  ejected  reproduclbly,  reliably  and  without  damage  to  the  ramjet  combustor,  nnzzlel 
or  thermal  protection  system.  To  minimize  the  need  for  active  control  devices,  It  Is  desirable  for  ] 
the  port  covers  to  be  self  ejected  due  to  ram  air  pressure  during  booster  talloff.  Finally,  the  port 
covers  must  be  suitably  Insulated  from  heat  generated  by  burning  of  the  booster  propellant. 

The  Integral  rocket  ramjet  port  cover  design  problem  Is  Illustrated  In  rlgure  10.  In  the  top 
Inset  the  overall  transition  sequence  from  rocket  to  ramjet  operation  Is  depicted.  In  the  example 
shown  the  booster  propellant  is  cast  over  the  multiple  side  mounted  Inlet  dump  openings.  In  this 
configuration  the  boost  propellant  retains  the  port  cover  during  captive  flight  (If  Inlet  covers  are 
not  used).  In  alternate  center  dump  configurations,  for  example,  the  boost  propellant  may  not  be 
directly  cast  against  the  port  cover  and  special  retaining  devices  must  be  used  to  prevent,  the  port 
cover  from  being  prematurely  ejected  by  the  ram  air  loads  during  captive  carry. 

The  apparent  simplicity  of  the  basic  port  cover  operation  belles  the  true  complexity  of  the  design 
engineer's  challenge.  The  port  cover  Interfaces  with  many  of  the  other  major  IRR  subsystems,  creating 
several  specific  interface  design  problems.  These  port  cover  design  problems  are  defined  In  figure  9. 

In  addition  to  the  basic  port  cover  structural,  seal  and  design  problems, some  additional  design 
requirements  are  frequently  Imposed.  These  are  associated  with  providing  signals  tr,  the  flight  vehicle 
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Design  concepts  currently  In  use  Include:  the  monolithic  cover,  the  segmented  cover,  and  the 
frangible  cover.  The  simplest  type  of  cover  (a  monolithic  metal  coverl  Is  found  on  the  Suoersonlc 
Tactical  Missile  (STM).  The  STM  utilizes  four  smaller  covers  (figure  1 1 A)  over  the  combustor  size 
wall  air  Inlets.  In  the  design,  ejection  of  the  cover(s)  necessitates  the  expulsion  of  fairly  large 
metal  pieces,  creating  the  possibility  of  damage  to  the  combustor  or  nozzle.  Although  numerous  tests 
proved  these  designs  do  not  damage  the  ramjet  combjstor,  other  designs  are  being  Investigated  to  decrease  the 
damage  potential  by  reducing  the  size  of  the  ejected  material. 

The  Modern  Ramjet  Engine  (MRE)  used  a  segmented  Inlet  port  cover  (figure  11B)  to  reduce  the  size 
of  the  ejected  particles.  This  cover  was  made  up  of  several  structural  beams  placed  across  the  air 
Inlet  and  held  together  by  a  rubber-like  retention  boot.  At  ejection,  the  boot  released  the  "beams" 
and  allowed  them  to  Individually  exit  the  combustor. 

Both  monolithic  and  segmented  port  covers  have  been  successfully  employed.  However,  several 
newer  concepts  are  of  considerable  Interest  because  they  offer  the  possibility  of  further  reducing  the 
size  of  ejected  pieces  or  eliminating  them  entirely.  One  approach  Is  to  mechanize  the  port  cover  so 
that  It  can  be  opened  without  being  ejected.  For  example,  the  cover  could  be  hinged  (figure  11C), 
louvered  or  sliding.  These  approaches  would  be  particularly  good  for  small  dump  openings.  Moreover, 
the  port  structural  elements  could  potentially  be  designed  to  act  as  flameholders. 

Another  means  of  reducing  the  size  of  the  ejector  Is  the  frangible  cover.  This  cover  Is  made 
from  high-strength  chemically  treated  or  heat-treated  frangible  glass.  When  the  glass  Is  broken  (by 
a  hard  metallic  pin  that  penetrates  the  hard  outer  surface  or  by  a  small  detonating  device).  It 
breaks  Into  rock  salt  shaped  granules  about  the  size  of  the  original  glass  thickness.  This  method 
seems  best  suited  for  combustors  with  center  dump. 

TRANSITION 

The  transition  sequence  In  the  Integral  rocket  ramjet  propulsion  system  created  new  design  require¬ 
ments,  unique  to  this  system. 

During  rocket  operation,  the  combustor  must  function  as  a  conventional  rocket  combustor,  closed  at 
the  forward  end  and  with  a  suitable  "rocket"  nozzle  at  the  aft  end.  During  transition,  the  combustor 
must  reconfigure  Itself  to  a  ramjet  combustor,  open  at  the  forward  end  to  allow  air  to  enter  the  combus¬ 
tor,  and  with  a  large  throat  nozzle,  suitable  for  ramjet  operation  at  the  aft.  Two  schemes  are  employed 
to  permit  this  dual  operation  of  the  combustor  chamber  -  the  "blow-in"  port  cover  and  the  ejectable 
rocket  nozzle. 

In  addition  to  their  steady-state  functioning,  the  port  cover  and  ejectable  nozzle  design  must 
consider  the  ability  of  these  components  to  quickly  and  reliably  allow  transition  from  rocket  to  ramjet 
operation.  After  talloff  of  the  booster,  drag  forces  acting  on  the  airframe  with  engine  off  quickly 
slow  the  forward  speed  of  the  ramjet  vehicle,  typically  losing  on  the  order  of  0.1  Mach  No.  per  sec. 

Longer  transition  times  require  Increased  booster  loading  which  In  turn  causes  undesirable  ramjet  fuel 
losses  and  consequently  significant  range  loss.  Transition  to  ramjet  takeover  must,  therefore,  be 
done  very  quickly.  Although  transition  sequences  may  vary,  the  basic  transition  operations  following 
booster  talloff  remain  the  same.  When  the  booster  rocket  chamber  pressure  decays  to  a  value  where 
positive  vehicle  acceleration  approaches  zero.whlch  Is  approximately  equal  to  ramjet  takeover  combustor 
pressure,  the  rocket  nozzle  release  mechanism  Is  activated,  and  the  residual  booster  pressures  force 
the  nozzle  rearward,  ejecting  It  freely  through  the  ramjet  nozzle.  During  this  same  time  period,  the 
air  Inlet  port  covers  are  forced  Inward  when  the  Inlet  ram  air  pressure  exceeds  the  residual  chamber 
pressure.  The  covers  are  expelled  through  the  ramjet  nozzle  by  the  force  from  Incoming  ram  air  flow. 

Ramjet  fuel  control  and  Ignition  systems  then  sequence  the  ramjet  fuel  and  Igniter.  Ramjet  fuel  Ignition 
Is  further  aided  by  the  remaining  burning  residuals  of  both  the  rocket  grain  and  the  thermal  protection 
system  combustibles.  All  this  must  take  place  In  a  few  hundred  milliseconds  or  excessive  forward 
velocity  will  be  lost  to  drag  forces. 

The  propulsion  transition  sequence  for  the  Supersonic  Tactical  Missile  Illustrates  a  typical 
transition  design  (figure  12). 

A  typical  propulsion  transition  sequence  Is  shown  In  figure  13.  The  design  transition  sequence 
Is  Initiated  during  booster  tailoff  when  Inlet  ram  air  pressure  exceeds  booster  combustor  pressure 
(&P  *  5  psl  nominal)  forcing  the  air  inlet  port  covers  Inward.  Movement  of  any  one  of  the  four  port 
covers  actuates  a  port  cover  sensing  switch  which  energizes  the  nozzle  snapring  retention  system  relay. 

Upon  relay  closure,  voltage  Is  applied  across  the  propagation  cord  Initiator  brldgewlres,  firing 
the  Initiator  squib  which  In  turn  ignites  the  propagation  cord.  Closure  of  the  port  cover  sensing 
switch  also  Initiates  a  nominal  300-ms  time  delay  relay  that  Is  subsequently  used  to  open  the  ramjet 
fuel  valve  and  fire  the  ramjet  Igniter.  Upon  firing  the  propagation  cord,  the  booster  nozzle  snap¬ 
ring  Is  released  and  residual  chamber  pressure.  In  conjunction  with  incoming  air  pressure,  ejects 
the  booster  nozzle.  Residual  propellant  slivers  and  liner  continue  to  burn  until  the  slivers  are 
essentially  consumed  at  the  end  of  the  300-ms  delay.  Closure  of  the  time  delay  relay  Initiates  fuel 
valve  opening  and  ramjet  Igniter  firing  current  which  Is  followed  by  fuel  flow,  ramjet  Ignition, 
and  steady-state  ramjet  operation.  The  ramjet  igniter  fires  for  approximately  1  sec,  releasing  1,500 
Btu/sec  of  energy. 

While  the  transition  sequence  must  be  accomplished  quickly.  It  must  also  be  timed  very  carefully 
with  the  other  sources  of  energy  release  during  the  transition  period.  Early  ramjet  light-off  can  cause 
excessive  chamber  pressure,  resulting  In  inlet  “unstart".  Late  light-off  allows  excessive  vehicle  slow 
down,  also  resulting  In  unstarted  Inlets. 
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The  primary  Integral  rocket-to-ramjet  transition  Interface  considerations  are  shown  in  Table  9, 

Critical  interfaces  exist  with  the  inlet,  fuel  control,  combustor/nozzle  and  booster  motors.  Maintaining 
a  supercritical  design  margin  or,  if  necessary,  stable  subcritical  inlet  operation  during  transition  is 
a  primary  requirement.  Several  early  IRR  flight  tests  resulted  in  failures  due  to  failure  to  anticipate 
the  energy  release  during  transition.  Careful  analysis  and  resolution  of  this  problem  during  the 
early  1970's  cleared  a  major  technical  obstacle  for  IRR  systems.  The  Interface  with  the  fuel  control 
frequently  Involves  providing  pressure  control  signals  to  limit  maximum  combustor  pressure.  In  thereby 
maintaining  the  desired  inlet  margins.  Another  solution  may  be  to  pre-program  the  fuel  flow  rate  during 
transition  so  that  Inlet  margins  cannot  be  exceeded. 

During  transition, combustor  operation  must  account  for  energy  sources  from  the  ramjet  Igniter,  ramjet 
fuel  and  combustible  pyrolysis  gases  from  the  thermal  protection  system. 

Residual  booster  motor  energy  sources  that  must  be  accounted  for  during  transition  include  che 
propellants  sliver,  residual  propellant  liner  and,  if  present,  stress  relief  boots. 

A  typical  account  of  the  total  ramjet  energy  sources  during  transition  Is  seen  in  Table  10.  The  energy 
contributions  from  each  potential  source  are  identified  as  a  function  of  transition  time.  The  heat  release 
from  each  one  of  these  energy  sources  Is  shown  also  as  a  function  of  time,  leading  to  the  predicted  combus¬ 
tion  pressure  (P4)  rise.  During  the  first  50  msec  of  the  transition  sequence  the  residual  energy  sources 
provide  7100  BTU/sec  compared  to  16,200  BTU/sec  expected  from  the  ramjet  fuel  flow.  Failure  to  accommodate 
this  high  energy  release  could  easily  cause  an  inlet  unstart. 

EJECTABLE  BOOSTER  NOZZLE 

Several  designs  for  the  ejectable  nozzle  have  developed  and  at  least  three  nozzle  release  concepts  have 
been  successfully  tested:  the  use  of  multiple  explosive  bolts,  the  use  of  a  Marman  type  clamping  device, 
and  the  use  of  a  snapring  retention  system. 

The  use  of  multiple  explosive  bolts  on  the  Low  Altitude  Supersonic  Ramjet  Missile  (LASRM)  represented 
a  conventional  approach  to  nozzle  retention  as  does  the  Marman  type  clamp  (figure  14)  used  on  the  Air 
Launched  Low  Volume  Ramjet  (ALVRJ).  Both  systems  attain  booster  nozzle  alignment  by  direct  mechanical 
Interfaces  provided  by  the  fasteners  and  the  use  of  explosive  bolts  (common  in  aerospace  use)  to  release  the 
booster  nozzle.  The  systems  are  reliable  and  due  to  the  use  of  ordnance  conrion  to  aerospace  use  are  easily 
adapted  for  use  In  ramjet  vehicles.  They  also  share  a  common  disadvantage  -  relatively  high  weight  and 
complexity. 

A  later  concept  Incorporated  on  the  Modern  Ramjet  Engine  (MRE)  and  the  Supersonic  Tactical  Missile  (STM) 
Is  the  snapring  retention  system  (figure  15).  The  advantage  of  this  system  is  significant  weight  savings 
over  the  other  systems  and  it  was  demonstrated  to  be  extremely  fast,  repeatable,  and  reliable  by  several 
test  programs.  The  system  was  successfully  flight  tested  on  the  STM  in  1979. 

The  snapring  retention  system  utilizes  a  high  strength  snapring  to  restrain  rearward  movement  of  the 
booster  nozzle.  Booster  nozzle  alignment  Is  attained  by  close  tolerance  alignment  surfaces  machined  Inti 
the  nozzle  assembly.  Replacing  the  explosive  bolts  used  In  the  other  systems  Is  a  length  of  mild  detonating 
cord  positioned  In  a  groove  beneath  the  snapring.  Ignition  of  this  cord  releases  large  quantities  of 
combustion  gas  which  compress  the  ring  and  force  It  from  the  retention  groove.  As  In  other  systems,  the 
booster  nozzle  Is  thrust  rearward  by  residual  chamber  pressure.  Tests  have  shown  this  system  to  release 
In  less  than  10  msec  without  Imparting  rotational  or  tumbling  motion  to  the  booster  nozzle. 

While  the  snapring  and  other  concepts  offer  promise  for  the  IRR  of  today,  advanced  concepts  are  In 
development.  Several  concepts  that  have  been  advanced  to  eliminate  the  ejectable  booster  nozzle  Include 
a  nozzle  fabricated  to  erode  at  a  rate  predetermined  to  give  near  maximum  performance  for  boost  and  ramjet 
combustor  pressures.  Such  nozzles  may  be  designed  to  "step"  from  one  throat  size  to  another  as  the  chamber 
pressure  decreases  or  they  may  be  designed  to  erode  In  a  continuous  manner  approximating  the  chamber 
pressure  decay  from  boost  to  ramjet  operation. 

CONCLUSIONS/RECOMMENDATIONS 

After  expending  a  significant  development  effort  over  the  past  decade,  a  solid  engineering  data  base 
exists  for  the  design  and  analysis  of  the  Integral  boost  motor,  thermal  protection  system,  port  cover  and 
transition  devices. 

High  performance  and  reliable  operation  of  these  components  can  be  assured  through  knowledgeable 
application  of  this  comprehensive  data  base. 

Further  development  efforts  In  this  area  should  concentrate  on:  (1)  extending  the  data  base  on  the 
shelf  life  of  the  Integral  boost  motor  and  (2)  further  simplification  of  the  IRR  transition  sequence, 
leading  to  a  totally  passive  (no  vehicle  controls  required)  transition  system  design  to  reduce  cost. 
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TABLE  1  TYPICAL  PROPELLANT  FORMULATIONS  FOR  CURRENT  IRR  BOOSTER  DESIGN 

T11285 


r  - 1  1  - -  ■ 

Formulation  Range 

Property 

87  to  89*  sol IJs  HTPB 

Ijps*  sec 

262 

17  to  18*  Al 

Density,  lb/in. 3 

0.064 

1  to  3*  fine-ground  AP 

Burnlnq  rate  at  1,000  psl. 

In. /sec 

0.8  to  0.3 

FejOg  or  FeFg  catalyst 

Pressure  exponent 

0.40  to  0.55 

*K»  */F 

0.16  to  0.21 

Hazards 

Class  1.3 

Structural  Characteristics 


•  Mechanical  piopertles  suitable  for  -65  to  165  F  environment 

•  Tradeoffs  of  ballistic  properties  versus  aging  stability  being  studied 


"I 
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TABLE  2  MECHANICAL  PROPERTIES  OF  TYPICAL  KTPB  TACTICAL  PROPELLANTS 

1.11286 


j  Propellant  No.  1 

Propellant  No.  2 

Property 

Temperature, 

F 

— 

Property 

Temperature 

.  F 

165 

70 

-65 

165 

70 

-65 

Tmc,  psi 

110 

148 

581 

Tmc,  psl 

102 

147 

822 

Emc,  * 

35 

42 

22 

Emc,  * 

27 

29 

12 

Er,  * 

37 

44 

36 

er.  < 

28 

31 

15 

E0.  PS' 

512 

628 

9220 

E0.  Psl 

455 

671 

11,800 

TABLE  3  PROPELLANT  GRAIN/LINER  STRUCTURAL  INTERFACE  CONSIDERATIONS 
_ T11296 

•  Provide  suitable  structural  support  for  grid  to  avoid  excessive  strain 

•  Booster  pressure  loads  must  not  cause  TPS  liner  failure,  particularly 
at  low  temperatures 

•  Propellant  boots  In  forward  combustor  recirculation  zone  are  unacceptable 

•  Port  cover  In  side-dump  combustor  must  not  cause  araln/llner  movement 

•  Booster  motor  MEOP  must  exceed  structural  margins  of  combustor  case, 
which  Is  sized  by  ramjet  loads  at  high  temperature  and  pressure 

•  Booster  motor  must  not  cause  structural  damage  to  SFRJ  fuel  grains 


TABLE  A  PROPEL! ANT  GRAIN/LINER  CHEMICAL  INTERFACE  CONSIDERATIONS 
_ Til 296 

•  ;i:*erface  material  system  must  provide  strong  chemical  bond  with  TPS: 

BIT  >100  psl,  peel  >  S  pll 

•  Prooellant  constituents  must  have  long-term  chemlcd  compatibility  with  TPS 

•  TFS  constituents  must  not  degrade  Interface  material  bond  strength 
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TABLE  5  PROPELLANT  CATEGORIES  FOR  ADVANCED  IRR  BOOSTERS 
NOZZLELESS  MOTOR  DESIGNS 


HIM. 


Propellant  Type 

Characteristics 

Status 

Problem  Areas 

High- rate  HTPB 
with  A1 

86  to  88X  solids 

HTPB  with  liquid 
ferrocene  cata¬ 
lysts  to  achieve 
bur  n  rate  >1.5 

In. /sec,  pressure 
exponents  <0.5 

Feasibility 

demonstration 

In  process 

Ballistic  proper¬ 
ties  and  repro¬ 
ducibility;  pro¬ 
pellant  aging 

High- rate  HTPB 
with  Zr 

91  to  93S  solids 

HTPB  with  ~40X  Zr 
and  liquid  ferrocene 
or  FeF3  catalysts 

Propellant 
development  in 
process 

Propellant  aging; 

Zr  purity  and  cost 

Reduced  smoke 
class  1.3 

86  to  88X  solids 

HTPB  without  Al; 
catalyzed  to  high 
burn  rate 

Nc  viork  In  burn 
rai.e  regime  of 
Interest 

Combustion  Insta¬ 
bility;  aging 

Minimum  smoke 
class  1.1 

High  energy  binder 
with  HMX/RDX  and 
rate  enhancing  addi- 
tl  ves 

No  work  In 
process;  may 
require  new  In¬ 
gredient  tech¬ 
nology 

Achieving  burn 
rate  and  pressure 
exponent;  combus¬ 
tion  stability; 
low  temperature 
properties 

TABLE  6  THERMAL  PROTECTION  SYSTEM  DESIGN  CONSIDERATIONS 

T11289 


Property 

Solid 

Rockets 

Liquid 

Rocket* 

Integral 

Rocket 

Ramjets 

Virgin  material 

High  strain  capability 

X 

X 

Hqht  weight 

X 

X 

X 

Low  thermal  conductivity 

X 

X 

X 

Oxidation  resistant 

X 

X 

Erosion  resistant 

X 

x 

Cbemlcally/structurally  compatible 

X 

X 

with  booster  liner  materials 

High  gas  temperature  capability 

X 

X 

X 

Charred  material 

High  mechanical  strength 

X 

X 

Light  welqht 

X 

x 

Low  thermal  conductivity 

X 

X 

Oxidation  resistant 

X 

x 

Erosion  resistant 

X 

TABLE  7  REQUIREMENTS  FOR  THERMAL  PROTECTION  SYSTEMS 

T11290 


Rocket 

Type 

Duration, 

sec 

Pressure, 

psl 

Heat  Flux, 
Btu/ftz-sec 

Temperature, 

F 

Environment 

External 

Aerodynamic 

Heating 

Solid 

60  to  120 

500  to  1,000 

500  to  1,500 

6,300 

Oxidizing 

particle 

versions 

None 

Liquid 

100  to  600 

100  to  500 

700  to  2,000 

5,000  t»  5,500 

Oxidizing 

None 

inn  tn  i.nnn 

in  tn  iso 

10  to  30 

2.500  to  4.000 

Oxidizing/ 

500  to  1,200  F 

TABLE  8  PREDICTED  AND  MEASURED  THERMAL  RESPONSE 


Property 

Forward 

Recirculation 

Zone 

Aft 

Boundary-Layer 

Zone 

Typical  boundary  conditions 

0.039 

•  f/a 

0.10 

•  Tc,  R 

4,300 

3,700 

•  HTC,  boundary- layer  relative  length 

0.075 

0.05  to  0.60 

•  HTC,  blowing  effect  reduction,  X 

5  (maximum) 

6  (maximum) 

•  Effective  emissivlty 

0.15 

0.036 

Charring  lining 

13.0 

•  Typical  heat  flux  (predicted), 

13.5 

Btu/ft  -sec 

•  Convective,  % 

•  Radiative,  % 

50 

30 

50 

10 

•  Reactive,  X 

0 

60 

•  Inconel  case  temperature 

•  Predicted/measured 

1.043 

1.006 

Fully  charred  lining 

•  Typical  heat  flux  (predicted). 

13.6 

8.0 

8tu/ft‘-sec 

•  Convective,  * 

60 

90 

•  Radiative,  £ 

40 

10 

•  Reactive,  X 

0 

0 

•  Inconel  case  temperature 

•  Predicted/measured 

0.974 

0.992 

TABLE  9  INTEGRAL  ROCKET  RAMJET  TRANSITION  INTERFACE  CONSIDERATIONS 


Parameter 


Consideration 


Fuel  control 


Combustor/nozzle 


•  Pressure  margin 

•  Supercritical  design  margin 

•  Subcritical  stability  limit 

•  Fuel  flow  control  accuracy 

•  Pre-programed  fuel  flew  rate  and  time 

•  Ramjet  igniter 

•  Fuel  flow  rate 

•  Thermal  protection  system 


Booster  motor 


•  Propellant  sliver 

•  Residual  propellant  liner 

•  Boot 


■ynypi  yp. t». .y.  L,i ,fi,  :■"'■■  >'!»■  '.»■■ 
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Booster  • 
^2L 


Ramjet  fuel 

■Podded  combustor 

A.  Initial  Podded  Ramjet  Configuration 


B.  Tandem  Rocket  Ramjet  with  Submerged  Nozzle 

Integral  booster  - 


T 


- - _ - •/ - ■*--* 


Integral  rocket  ramjet  combustor  — ' 

C.  Internal  Rocket  Ramjet 

Figure  1.  Evolution  of  Integral  Rocket  Ramjet  Configuration 
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Port  cover  (four  places) 


Igniter 

O-rlng  assembly 

Wire  mesh  (MAG-TEG) 
Propellant  grain, 

89%  solids  HTPB 
Case  insulation, 

DC  93-104  silicone 
elastomer 

Propellant  liner/ 
bond  system 


Combustor  case 
Inlet  tum  and  dump  (four  places) 


Frangible  forward  support 
ring 

Aft  Igniter  safe  and  arm 
support  ring 

EJectable  booster  nozzle  assembly, 
snap  ring  release  mechanism 
Safe  and  arm  device 


Fin  actuator  boss  (four  places) 


Figure  2.  Typical  Integral  Boost  Motor 


33054 


I 


Gas  generator 


Ducted  rocket 


Solid  fuel  ramjet 


Figure  3.  Types  of  Integral  Rocket  Ramjets 

V-  08171 -R1 


Bum  distance,  in. 


Property 

Unit  of 

Measurement 

Web  ‘hickness,  in. 

4.31 

Propellant  weight,  in. 

538.25 

Grain  length  diameter,  in. 

2.53 

Port/throat  ratio  (geometric) 

1.84 

b/a  ratio  (outer  to  Inner  radius 

ratio) 

4.0 

Volumetric  loading 

0.92 

Neutrality  (maximum 

to  average  area  ratio) 

1.055 

Figure  5.  iiozzleless  Motor 
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c 


Relative  axial  location,  L/l  reference 

A.  Virgin  Lining, 
Two-Zone  Correlation 


c 


Relative  axial  location,  UL  reference 

B.  Fully  Charred  Lining, 
Two-Zone  Correlation 


Figure  6.  Two  Zone  Thermal  Model  Data  Correlation 
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Recirculation  zone  state 
(increased  f/a, 

equilibrium  Tc,  und  composition 
empirical  emlssivity) 


Combustor  state,  same  as  one-zone  model 


Boundary-layer  model 
(new  starting  location) 


Charring  lining  heat  transfer  model, 
same  as  one-zone  model 


A.  Forward  Recirculation  Zone 


B.  Aft  Combustor  and  Nozzle 


A.  Monolithic  Port  Cover 


C.  Hinged  Port  Cover 


Figure  11.  Port  Cover  Types 
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Chamber  prtatura,  pala 


Figure  13.  Typical  Transition  Sequences  for  High  Altitude  Launch 
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LES  STATOREACTEURS  A  COMBUSTIBLE  LIQUIDE 
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RESUME 

Les  statorAacteurs  A  combustible  liquids,  utilises  pour  propulser  lea  alssllea  supersonlques, 
pe met tent  de  rdpondre  A  certalnes  specifications  opAratlonnelles ,  telles  que  la  recherche  de 
portfes  flevAes,  jointes  A  une  grande  flexibility  des  trijectolres.  Ces  ooteurs  trouvent  alnsl  leur 
eaploi  dans  un  crfir.eav  particuller,  qui  se  distingue  de  cslui  des  statofusfea  ou  des  turborgacteurs 
supersonlques  :  leur  domalne  eat  r.elul  des  missions  qui  reculArent  de  fortes  variations  d 'altitude 
ou  de  vltesse. 

Les  performances  fnerggtlques  glevdes  de  ces  machines  sont  obtenueg  au  moyen  de  techniques  ou  de 
technologies  spgclflques  que  l'on  se  propose  d 'examiner,  A  savoir  : 

*  Les  combustibles  llquldea  :  kfrosAne,  combustibles  llquldes  tris  denses,  combustibles  boueux,  ... 

*  Systimes  d 'alimentation  :  par  preasurlsatlon,  par  turbopompe.  Avantages  et  inconvSnients  oe  chaque 
systAme.  Conception  des  reservoirs. 

*  Regulation  et  Injection  :  lols  de  regulation  requlsea  sulvant  les  missions.  Diffgrents  types 
d'injecteura. 

*  Chambre  de  combustion  i  conception,  dessln  general,  zones  de  recirculation,  localisation  de 
1 'injection,  protection  thermlque,  contralntes  dues  A  la  presence  d’un  acc£l£rateur  lntggre. 

*  La  combustion  :  performances,  rendements  et  lnstabllltes.  On  Ctudle  plus  partlcullArement  les 
causes  des  lnstabllltes  de  combustion,  leurs  consequences  ft  lea  remAdes  envisageables  pour  y 
remgdler. 

*  Les  bancs  d'essai  des  statoreacteurs  A  combustible  llqulde,  avec  leurs  caracteristiques 
speclfiques. 

En  conclusion,  un  aperqu  sur  les  posslbllltes  de  ces  moteurs  sulvant  les  missions,  sur  les 
prlnclpalec  etapes  d'un  developpement  et  sur  l'avenlr  de  ces  techniques,  est  propose. 


SUMMARY 

Liquid-fueled  ramjets  provide  a  means  of  satisfying  certain  performance  requirements  in  supersonic 
missile  propulsion,  such  as  combining  long  range  with  a  large  flight  path  flexibility.  These  power 
plants  thus  have  a  particular  application  quite  distinct  from  that  of  ramrockets  or  supersonic 
turbojets  t  missions  requiring  major  altitude  or  velocity  variations. 

The  high  energy  efficiency  of  these  engines  Is  obtained  by  specific  techniques  and  technologies 
which  we  propose  to  Investigate  : 

*  blfluld  iSili  :  kerosene,  very  dense  liquid  fuels,  fuels  In  suspension,  etc.. 

*  Fueling  system  :  Advantages  and  disadvantages  of  pressure  vs.  turbopump  systems,  tank  design. 

*  Regulation  and  Injection  :  Regulation  laws  required  for  different  missions,  various  injector 
types. 

*  Combustion  chamber  :  Design,  general  chape,  recirculation  zones.  Injector  location,  thermal 
Insulation,  stresses  due  to  Integrated  booster. 

*  Combustion  :  Performance,  efficiency  and  Instability.  In  particular,  we  will  go  Into  the  causes, 
consequences  an  possible  remedies  for  combustion  instabilities. 

*  Test  stands  :  Specific  characteristics  of  test  stands  for  liquid-fueled  ramjets. 
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NOMENCLATURE 

A,  Section 

Indices  s  0  Inflnl  amont 

1  section  de  captation  de  la  prise  d'alr 

2  dlffuseur  prise  d'alr 

2'  chambre  de  combustion,  avant  front  de  flamae 

3  chambre  de  combustion,  aprSs  front  de  flamme 

4  col  de  la  tuydre 

5  sortie  tuydre 

1  conditions  d'arrdt 

D,  dlamdtre  missile  (chambre  de  combustion) 

1  -  INTRODUCTION 

Le  moteur  fusde  d  propergol  sollde  a  dtd  et  restera  encore  longtemps  le  principal  raoyen  de 
propulsion  des  missiles  tactlques  :  blen  adaptd  aux  courtes  portdes,  11  est  capable  de  fortes  accdldratlons 
et  uurtout  11  est  relativemcnt  bon  raarchd. 

Male  11  a  aussl  certains  lnconvdnienta  :  par  exemple,  pour  augmenter  senslblement  la  portde  d'un 
missile  S  moteur  fusde,  11  faut,  solt  lul  falre  sulvre  une  trajectoire  ballstlque  4  haute  altitude,  avec  les 
probldmes  de  guldage  et  de  ddtectlon  que  cela  suppose,  solt,  pour  des  trajectolres  4  basse  altitude, 
augmenter  fortament  sa  masse  et  son  encombrement. 

C'est  pourquol,  pour  les  missiles  lancds  4  une  certalne  distance  de  7eur  objectlf,  11  faut  se 
touraer  vers  d'autres  systdmes  de  propulsion  plus  efficaccs,  c'est  4  dire  plus  dconomlques  et  capables  de 
produlre  une  poussde  continue  :  c'est  le  domaine  de  la  propulsion  adroble,  avec  le  turbordacteur,  le 
statofusde  4  combustible  sollde  et  lc  statordacteur  4  combustible  llquide.  Anris  une  raplde  comparalson 
entre  les  posslbllltds  de  ces  trols  families,  qul  ont  chacune  un  domaine  partlculler  auquel  elles  sont  blen 
adaptdes,  on  se  propose  d 'examiner  les  techniques  et  les  technologies  requlses  pou-  la  propulsion  des 
missiles  par  statordacteur  4  combustible  llquide. 


2  -  LES  DIFFERS NTS  CONCEPTS 

Ddcouvert  en  1911  par  le  Franqals  R.  LORIN,  le  princlpe  de  la  propulsion  par  statordacteur  est 
extrCmement  simple  :  11  conslste  4  tltuv  parti  de  la  recompression  rdallsable  en  vol  dans  une  prise  d'alr, 
pour  obtenlr,  apris  combustion,  une  force  de  pousrde  rdsultant  de  l'dvacuatlon  du  ddblt  d’alr  captd,  4  une 
vltesae  supdrleure  4  celle  du  vol.  Mats  11  a  un  lnconvdnlent  !  n'dtant  pas  autonome,  le  statordacteur  ne 
peut  fonctlonner  qu'apris  une  mlae  en  vltesne  par  un  propulseur  auxlllalre  ou  "accdldrateur". 


2.1.  -  Rappel  hlatorlque 

Depula  la  fin  de  la  Deuxlime  Guerre  Hondlale,  jusqu'4  1965  environ,  11  y  eut  dans  plusleurs  pays  un 
effort  de  recherche  Important  qul  aboutlt  4  de  nombreux  essals  en  vol  de  missiles  expdrlmentaux  et  4 
quelques  ddveloppements  opdratlonnels ,  principalement  pour  des  missions  surface-air  ou  sol-sol. 

De  cette  dpoque  tr4s  fertile,  on  peut  citer  tout  d'abord  les  missiles  opdrationne1 s  amdricalns 
BOMARC  et  TALOS,  brltannlques  BLOODHOUND  et  SEA  DART  et  sovldtique  SAA.  En  France,  malgrd  plus  de  200  essals 
eu  vol  qul  ont  permls  d'acqudrlr  de  solldes  connslssancea  techniques  et  technologlques ,  11  n'y  eut  aucun 
ddveloppement  opdratlonnel  !  e'ese  de  cette  dpoque  que  datent  les  missiles  expdrlmentaux  CT  41  et  VEGA  de 
Nord  Aviation,  R431  de  MATRA-NORD-  AVIATION,  STATALTEX  de  l'ONERA,  etc... 

Tous  ces  missiles  avalent  des  configurations  volslnes,  4  savolr 
(Fig.  1)  : 

-  prise  d'alr  axlsymdtrlque  sltude  4  1'avant 

-  accdldrateura  largables,  montds  en  tandem  ou  latdralement 

-  chambre  de  combustion  4  accroche-flammes  mdtalllques  (gouttlires,  cSnes  pereds  de  trous  •••) 

-  combustible  llquide  kdroaine. 


Puls  entre  les  anndes  1965  et  1970,  se  produislt  une  ddcrolssance  des  recherches  sur  le 
statordacteur  classlque,  moddrdment  supersonlque,  au  profit  du  statordacteur  hypersonlque  4  combustion 
supersonlque  (kdroaine  ou  hydrogine).  Les  applications  alors  envlsagdes  dtaient  :  1 'avion  Mach  6/7,  le 
lanceur  atmosphdrique  rdcupdrable,  le  missile  tactlque  sol-air  ou  air-air  4  vitesse  supdrleure  4  Mach  6. 


Fig.  1  s  Configuration  des  ann^es  1960/1970  ;  missile  iv;_4rirrErrtal 
frangais  STATALTEX  (ONERA) 

2.2.  -  Tendances  actuelles  | 

Vera  lea  ar.nAes  1970,  on  a  asslstA,  surtout  aux  Etata-Unls  et  en  France,  3  l'apparltion  de  nouvelLes 
configurations  aArodynamlques  et  3  la  mlse  au  point  de  technologies  destinies  3  rendre  le  statorAacteur  plus 
attractif  et  pips  compatible  avec  les  exigences  opAratlonnelles.  De  plus,  c’eat  en  1973,  lore  de  la  guerre 
du  Kippour,  que  le  missile  SA.6  sovlAtlque  propulsA  par  statofusAe  3  accAlArateur  IntAyrA,  a  mcntrA  sur  le 
terrain,  1'efflcacltA  des  formules  nouvelles.  Enfln  les  progrAs  effer.tuAs  dans  le  domalne  des  Aqulpeuents  de 
guldage,  de  pilotage  et  des  calculateurs  embarouAs  permettenr  malntenant  d 'envisages  de  faqon  plus  rAaliste 
une  extension  sensible  du  domalne  de  vol  des  missiles  (portAe,  Vitesse,  dAnivelAo,  diversification  des 
trajectolies,  manoeuvrability,  »..). 

C'est  alnsl  que,  sous  l'lmpulslon  de  ces  nouvelles  contralntea  opAratlonnellee,  sont  apparus  depuls 
les  annAes  70,  les  concepts  sulvanta  : 

*  Configurations  aArodynamlques  3  prises  d'alr  latArales  (et  non  plus  frontales)  afin  de  rendre  le  missile 

nodulalre  (structures  almpllflAea  et  maintenance  facilitAe)  et  dAgager  l'oglve  (montage  possible  de  tout 
type  d 'autodlrecteur  Alecti  magnAtlque).  j 

[ 

*  StatorAacteur  avec  accAlArateur  IntAgrA  :  cette  technologle  permet  de  concevoir  un  missile  beaucoup  plus 
compact  et  surtout  monoAtage  et  alnsl  d'Aliminer  les  problAmes  de  sAcuritA  116s  3  la  retombAe  d'un 
accAlArateur  d'appolnt. 

*  Chambre  de  combustion  "tourblllonnalre"  ,  c'est  A  dire  dans  laquelle  la  flamme  n'est  plus  stabllisAe  par 
des  accroche-flammes  mttalliques  mats  par  des  dispositlfs  purcment  aArodynamlques ,  lalssant  alnsl  la 
liberty  de  rempllr  la  chambre  avec  le  propergol  d 'accAlAration. 

*  Statofusye  i  combustible  sollde  :  dans  ce  concept,  on  a  recherchy  3  simplifier  encore  le  systdme 
propulslf,  de  telle  sorte  que  le  stockage  et  la  maintenance  s 'apparentent  3  ceux  d'une  munition  ou  d'un 
missile  classlque  3  propulseur  fusAe.  II  en  existe  deux  variantes  prlnclpales  : 

-  la  plus  oimple  est  le  statofusye  3  gAnArateur  lutAgrA  (''Solid-fueled  ramjet"),  dans  laquelle  le 
combustible  sollde  du  statorAacteur  est  placy  directement  dans  la  chambre  de  combustion. 

-  le  statofusye  3  gAnArateur  sAparA  (“Ducted  rocket")  qul  est  plus  ou  moins  simple  selon  la  nature  du 
combustible  et  1 'existence  ou  non  d'un  syatAme  de  modulation. 

Ces  nouvelles  technologies  ont  rendu  ce  systdme  propulslf  tr3s  attractif,  du  point  de  vue  mllltalre, 
en  supprlmant  on  en  attAnuant  sas  principaux  InconvAnients .  Cost  pourquol  de  nombreux  pays  se  sont  lancAs 
dans  cette  vole  depcis  les  annAes  1970  ;  on  peut  alnsl  cltet,  en  se  limitant  aux  missiles  essayAs  en  vol  en 
Occident  : 

-  aux  Etats  Unla,  des  prototypes  ou  missiles  expArtmentaux  :  l'Advanced  Strategic  Air-Launched  Missile 
(ASALM),  1' Advanced  Low  Volume  Ramjet  ( ALVRJ ) . 

-  en  France,  1 'activity  est  tr6s  lmportante  pulsqu'elle  conceme,  non  seulement  des  missiles  expArlmentaux, 
tels  que  le  statofusAe  3  gAnArateur  sAparA  ("Ducted  rocket")  essayA  en  vol  en  1976/77  et  le  statofusAe 
"rustique"  3  gAnArateur  intAgrA  ("Solid  fueled  ramjet")  essayA  en  vol  en  1983/84,  mals  surtout  l'ASMP 
(Air-Sol  Moyenne  PortAe)  qul  sera  bientSt  le  premier  missile  opArationnel  de  ce  type  dans  le  monde 
occidental  (Fig.  2)  ;  11  utilise  un  statorAacteur  3  combustible  liquide. 

-  enfln  la  France  et  l'Allemagne  prAparent  le  missile  ANS  ( Anti-Navires  Supersonlque)  destinA  3  succAder 
3  la  famille  EXOCET.  Deux  systAmes  propulsifs  sont  en  compAtitlon  :  uri  statorAacteur  3  combustible 
liuulde  ( AArospatlale/ONERA)  et  un  statofusAe  3  combustible  solide  dopA  au  bore  (MBB),  dont  un  mod31e  3 


5-4 


Fig.  2  i  Configuration  r^cente  i  missile 
frangaia  Air-Sol  (Aerospatiale) 


II  faut  noter  que  l'lnt(r(t  marque  del  EuropJem,  eu  partlculler  de  la  France,  pour  cei  foneulea 
nouvellei,  t'expllque,  notamment  pour  lea  mlislona  alr-aurface,  par  lea  falbles  dimensions  dee  avlons 
Europtei.c  t  lorique  l'on  compare  lea  possibility  d'emport  d'un  B1  ou  d'un  F15,  1  celles  d'un  Mirage  IV  ou 
d'un  Suoer-Etendsrd ,  11  est  blen  evident  que  lei  exigences  d 'amelioration  de  la  coapaclte  du  missile  lont 
plul  tlevfei  en  France  qu'aux  Etiti-Unli  1 

2.3.  -  Poulbllltei  del  itaLordacteun  4  combuitlble  liquids,  par  rapport  I  celles  del  statofusdeg  ut  dei 
turbordacteura  aupersonlcues 

Cheque  type  de  aoteur  a  del  avantages  et  del  lnconvtnlents  selon  l'emplol  operatlonnel  auquel  11  el 
destlnC.  Alnsl,  pou-  aleux  cerner  les  poislbllltes  du  statoreacteur  4  combustible  liquids  11  faut  le 
comparer  aux  moteurs  qul  lont  les  plul  proches,  le  itatofusee  I  genArateur  sAparA  et  le  turboreacteur 
■uperaonlque.  En  effet,  le  itatofusee  4  gAnArateur  lntAgrA  ("Solid  fueled  ramjet"),  plus  spedflqua  des 
petit!  mini  les  ou  del  courtes  portees,  entre  beaucoup  molni  en  concurrence  avec  le  statoreacteur  4 
combustible  llqulde. 

2.3.1. St*torAacteur_et _statofusAe_4  gSnerateur_s6j>aji 

Lei  domalnes  d'emplol,  4  aavolr  les  trajectolres  de  moyenne  portee,  iont  assez  proches  :  e'est 
pourquol  les  lndustrleli  europAens  envliagent  lei  deux  formules  pour  propulser  le  futur  missile  ANS . 

Le  tableau  cl-dessoue  montre  les  ponlbllltei  de  cei  moteurs  : 


: 

l  AVANTAGES 

t 

!  INCONVENIENTS 

t  Missile  i  atato- 

I 

x*  Taux  de  modulation 

!*  Complexlte  (stockage 

t  r^acteur  1  combustible 

i  AlevA  ,  done  fortes 

let  alimentation  du 

*  llqulde 

tvarlatioos  d 'altitude 
:ou  da  vltesae 

icombustlble) 

t 

l*  CoOt  plus  eieve 

i*  Regulation  precise 
l  at  souple  (manoeuvres 
irapldes; 
t 

t 

I*  Perfonsancec  masslques 
I  AlevAes 
> 


Miss* 1 e 

A  atato- 

: 

:*  Simplicity  (surtout 

:*  Performances  molns 

fusle  A 

K6n§rateur 

ill  absence  de  modulation)  £lev£es  (aurtoi’t  A  j 

s*pare 

l 

icause  du  taux  de  modu- 

: 

tlatlon  llmlte) 

1*  itockage  aisA 

t 

I*  compaclte  Aventuelle- 

:  \ 

I  ment  plus  eievee 

i 

.  V 
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Pour  illustrer  la  proximite  des  domaines  d'emploi,  la  figure  3  compare  1  'encombrement  et  la  masse  de 
quaere  missiles  supersoniques  air-surface  (port6e  3  basse  altitude  :  100  km)  : 

*  deux  sont  propulses  par  statoreacteur  3  combustible  liqulde  (k6ros3ne  de  density  0,8  et  combustible 
liqulde  de  densit®  1,0). 

*  deux  sont  propuls*s  par  des  statofus£es  3  combustible  solide  discret  (density  1,2)  et  3  combustible  sollde 
dope  au  bore  (densitd  1,7). 


Mm*  au 
dkpvt  (kg) 

650 


845 


Fic.  3  s  CoTTparaison  statoreacteur/statofus£e.  Mis¬ 
sion  :  Air-Surface-M&ch  2-Z  =  0-  D=0,35m 


330 


300 


Blen  que  les  hearts  de  masse  et  de  longueur  solent  relatl vement  mod£r£s,  on  constate  I'int6r8t  des 
combustibles  denses  pour  la  compacltd  du  missile. 


Male,  une  comparaison  plus  precise  entre  ces  deux  formules  dolt  tenlr  compte  d'autres  crlt3res 
compldmentalres  tele  que  : 


-  diversification  des  trajectolres, 

-  discretion  optique  du  Jet, 

-  coOt  du  ddveloppement  et  coflt  du  missile  en  s£rle, 

-  posslbllitfs  lndustrlelles, 

-  etc... 


Elle  depend  done  fortement  de  la  mission  envisagee. 


2.3.2.  Statoreacteur  et  turboreacteur  supersonique 


Les  domaines  d'enplol  ne  sont  pas  aussl  proches.  Hals  pulsque,  pour  les  missiles  tactlques 
subsonlques  de  type  air-mer  ou  mer-mer,  on  trouve  une  cohabitation  entre  des  moteurs  trSs  differents,  3 
savoir  la  fusee  3  propergol  sollde  (EXC^ET,  K0RM0RAN,  GABRIEL,  ...)  et  le  turbordacteur  (HARPOON,  OTOMAT, 
SEA  EAGLE,  ...),  on  peut  penser  qu'elle  pulsse  se  poursulvre  en  supersonique ,  en  partlculler  pour  des 
raisons  lndustrlelles. 

C'est  pourquol,  le  tableau  sulvant  aontre  les  prlnclpales  posslbilites  de  ces  deux  moteurs  : 


i 

S  AVAST AGES 


:  : 

!  Missile  3  statoreacteur  *  plus  raplde 
s  3  combustible  liqulde  :  *  plus  manoeuvrant 
!  :  *  denlvelAes  plus 

:  :  eievAes 

l  < 

1 _ ! _ 

:  i 

!  Missile  3  turbo-  i*  faible  consoamatlon 

>  rAacteur  supersonique  : 

:  :*  Cventuelleoent 

*  :  monomoteur  pour 

i  i  missions  depuls  avion 

:  i 

t  : 

:  < 

i  : 


INCONVENIENTS 


:*  plus  lourd  et  plus 
:  encombrant  pour  les 
:  portdes  supArleures  3 
!  150  km  (vol  3  basse 
:  altitude) 


!*  complexlte  du  : 
!  syst3me  propulsif  : 

:*  coQt  eieve  : 
!  ! 
i*  domalne  twins  ttendu  : 
:  en  :  : 
:  -  vltesse  maximale  : 
:  -  altitude  : 
:  -  denlvelCe  : 
i  -  manoeuvrabilite  : 
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La  figure  A  qul  prSsente,  sulvant  le  moteur  adopts,  la  poussSe  et  la  tralnSe  du  missile  en  fonctlon 
de  la  vltesse  de  vol,  Sclalre  le  domalne  d'emplol  : 

-  le  statorSacteur  est  apte  aux  grandes  vltesses  (plus  de  Mach  2)  et  aux  trajectolres  diversifies. 

-  le  turborSacteur  supersonlque  basse  altitude  restera  limits  d  des  vltesses  scnsiblement  lnfSrieures  d  Mach 
2  (Mach  1,6  7).  II  prendra  son  essor  d'autant  aleux  que  les  portSes  augmenteront  et  qu'll  sera  capable  de 
voler  en  sub-,  trails-  et  supersonlque. 


Fig.  4  :  Pousses  et  Trainee  de  missiles  4  turborSacteur  et 
4  statorSacteur  (  Z  =  0) 


2. A.  Domalne  d'emplol  du  statorSacteur  4  combustible  lloulde 


En  rSsumS,  pour  la  propulsion  des  missiles,  le  statorSacteur  est  partlculidrement  blen  adapts  aux 
missions  d  doyenne  portSe  (jusqu'd  150  kllomdtres  1  basse  altitude  et  plualeurs  centalnes  de  kllomdtres  d 
haute  altitude),  d  vltesse  hauteaent  supersonlque  ,avec  de  fortes  variations  d 'altitude  et  de  vltesse  . 

Dans  ce  document,  on  s'lntSresse  excluslvement  au  statorSacteur  d  combustion  subsonlque  qul  est 
capable  de  fonctlonner  depuls  Mach  1,5  (*)  jusqu'd  Mach  6,  mala  qul  est  surtout  utlllsS  opdratlonnellement 
dans  le  domalne  de  Mach  2  d  Mach  A  :  en  effet,  comme  le  montre  la  figure  5,  11  est  possible  d'obtenlr  dans 
cette  xone  des  performances  quasi-optlmales ,  en  slmpllflant  le  moteur  par  utilisation  d'une  gSomStrle  fixe 
(rSfSrence  1).  Dans  cet  example  oO  le  Mach  de  vol  d'adaptatlon  est  Sgal  d  3,2,  la  perte  d'lmpulsion 
epSclflque  du  moteur  d  gSomStrle  fixe  n'est  que  10Z  d  Mach  A,  male  elle  dSpasse  20Z  d  Mach  5. 


Fig.  5  :  Performances  optimnles  d'un  statorSacteur  au 
kerosene .  (richesse  :  1,  A^/A^  =  3) 


Pour  utlllaer  un  tel  moteur,  11  faut  maltrlser  des  techniques  ou  technologies  partlculldres, 
examlnSes  cl-aprds,  d  savolr  : 

-  la  mlse  au  point  d'une  famille  de  combustibles  llquldes 

-  les  rSservolrs,  et  les  systdmes  d 'alimentation,  de  rSgulatlon  et  d'lnjection 

-  les  chambrcs  de  combustion 


3  -  LES  COMBUSTIBLES  LIQUIDES 

Lea  missions  qul  font  appel  d  un  combustible  llqulde  sont  caractSrisSes  : 

-  solt  par  une  longue  portSe,  le  combustible  llqulde  permettant  une  mellleure  impulsion  spSclflque  que 
celle  des  combustibles  solldes  (car  ces  demlers  contiennent  gSnSralement  des  produits  oxydants). 

-  solt  par  un  domalne  de  vol  Stendu  (en  partlculler  cn  altitude),  le  combustible  llqulde  Stant  plus  apte  que 
les  combustibles  solldes  d  de  fortes  variations  de  dSblt  . 

Le  combustible  llqulde  le  plus  utlllsS  est  blen  entendu  le  kdrosdne  -de  type  aviation-  en  raison  de 
son  falble  coOt  et  de  son  approvislonnement  ais£. 
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Mala  pour  l'utlllsatlon  sur  missile,  le  problAme  du  coflt  eat  beaucoup  aolns  algu  que  pour  las 
application  aux  avion*  ou  hAllcoptAres,  pulsque  la  aoteur  ne  aert  qu'une  fola.  A  tltra  indicatif,  le  prix 
d'un  kilogramme  da  propargol  clasalque  eat  frAqueanent  plus  de  100  fola  plus  AlevA  que  celul  d'un  litre  de 
kArosAne  I 

C'eat  pourquol,  dans  plusleurs  pays,  dea  recherche*  ont  AtA  menAes  dans  le  but  de  dAvelopper  dea 
coabuatlbles  llquldes  plus  eficeces  que  le  kArosAne,  c'eat  A  dire  aysnt  lea  caractArlatiques  sulvantea  : 

a)  Si  possible,  pouvolr  calorlflque  aasalque  Agal  ou  supArleur  A  celul  du  kArosAne 

b)  Esaentlelleaent,  masse  volualque  nettement  aupArleure 

Certains  de  ces  coabuatlbles  peuvent  Atre  utillsAs  auasi  blen  sur  turborAacteura  que  sur 
statorAacteurs.  Mala  l'eaplol  aur  alsalle  rApond  A  dea  crltAres  de  cholx  tris  spAclfiques. 

3.1.  CrltArea  de  cholx 

Selon  la  mission,  on  cholalra  un  combustible  qul  rAponde  en  prlorltA  A  tel  ou  tel  crltAre.  Parol 
ceux-ci ,  on  peut  clter  : 

*  Performances  AnergAtlques  s  recherche  de  combustibles  A  haut  pouvolr  calorlflque  aasalque  (ou  A  forte 
Impulsion  spAcif ique ) ,  c 'eat  A  dire  un  pouvolr  calorlflque  InfArleur,  au  aolns  Agal  A  10  000  K  Cal/kg 
(aolt  18  000  BTU/lb) 

*  Masse  volumlque  et  Impulsion  volualque  .  Pour  augnenter  la  conpacitA  d'un  alsalle,  ou  A  volume  donnA  pour 
aaAllorer  sa  portAe,  on  recherche  une  augmentation  de  l'impulslon  volualque  :  le  procAdA  le  plus  efflcace 
eat  gAnAralemcnt  un  accrolsseaent  de  la  aasse  volualque.  Den  combustibles  llquldes  de  masse  volumlque 
comprise  entre  1  000  et  1  100  kg/m3  ont  alnsl  dAJA  Ati  ais  au  point  en  vue  d'une  utilisation  sur  missile 
tactlque. 

*  Ponctl  mnement  A  haute  altitude  s  certains  combustibles  boueux,  tels  ceux  qul  contlennent  des  partlcules 
de  bore,  brdlent  plus  dlf flclleaent  A  basse  presslon.  Ils  peuvent  done  ne  pas  Atre  retenus  pour  des 
sessions  A  haute  altitude. 

*  Dilatation  I  la  masse  volumlque  varle  avec  la  teapArature.  Alnsl  sur  un  alsslle  devant  fonctlonner  A  des 
teapAratures  extrAmes,  un  kArosAne  clasalque  se  dllatera  en  volume  d 'environ  7  A  6X  pour  un  Acart  de  100 
degrAs  centlgrades  :  le  rAservolr  devra  done  Atre  conqu  pour  permettre  cette  llbre  dilatation. 

*  ViscosltA  :  la  recherche  de  combustibles  de  plus  en  plus  denses  s’accompagne  gAnAralemant  d'une 
augmentation  de  la  viscosltA,  en  partlculler  aux  basses  tempAratures.  C'est  ce  phAnomAne  qul  llmlte 
l'utlllsatlon  de  combustibles  trAs  denses  sur  missiles  tactlques,  en  partlculler  pour  les  versions  air-sol 
ou  air-surface  non  stockAes  en  aoute,  en  raison  des  consAquences  pratiques  sur  les  systAmes  de  chasse  ou 
les  pcapes. 

A  tltre  lndlcatlf,  des  vlacoaitAs  supArieures  A  150  centlstokes  posent  des  problAmes  ou  nAcessitent 
une  technologie  adaptAe. 

Hals  certains  combustibles  boueux  peuvent  Atre  utillsAs  malgrA  une  viscosltA  statlque  beaucoup 
plus  forte,  car  dotAs  de  proprlAtAs  thlxotroplques  :  au  repos,  ces  boues  possAdenC  une  viscosltA  AlevAe 
qul  chute  consldArablement  dAs  qu'elles  sont  soumlses  A  une  force  de  cisalllement,  c'est  A  dire  au  molndre 
aouveaent . 


*  Point  d'Aclair  :  pour  faclllter  l'allumage  et  la  combustion,  en  partlculler  lorsqua  le  combustible  est 
portA  A  trAs  basse  tempArature  (missile  en  charge  externe  d'un  avion  effectusnt  un  vol  prolongA  A  haute 
altitude),  le  cholx  se  portera  plutSt  vers  un  combustible  ayant  un  point  d'Aclair  A  basse  tempArature. 

Hals  parfols  ce  cholx  ne  peut  Atre  fait  pour  des  raisons  de  sAcuritA,  par  exemple  pour  limiter  les 
risque*  d'lncendle  A  bord  des  navlres  (rAfArence  2).  Une  telle  contralnte  peut  obllger  A  cholslr  un  point 
d'Aclair  supArleur  A  60*C. 

*  Point  de  congAla? Ion  :  11  est  blen  Avldent  que  celul-ci  dolt  Atre  InfArleur  aux  teapAratures  les  plus 
basses  rencontiAea  au  cours  du  stockage  ou  de  l'emport. 

*  MscrAtlon  :  certalnes  missions  opSrationnelles  nAcessitent  l'utlllsatlon  de  combustibles  assurant  une 
bonne  dlscrAtlon  du  jet  propulslf,  aolt  dans  le  domalne  AlectromagnAtique,  soit  surtout  dans  le  domrine 
optlque  (visible  et  Infra-rouge).  Une  telle  contralnte  peut  condulre  A  prAfArer  des  combustibles  ne 
contenant  que  des  hydrocarbures  (unlquement  carbone  et  hydrogAne),  plutSt  que  certains  aAtaux 
(aluminium,  magnAsium)  ou  mAtallofdes  (bore). 

*  StockabllltA  :  les  combustibles  pour  missiles  tactlques  dolvent  Atre  aptes  A  un  stockage  de  longue  durAe 
A  1'intArieur  du  rAservolr.  Or,  11  ne  s'agit  Jamals  d'un  produit  chimlque  simple  s  par  exemple,  le 
kArosAne,  pourtant  trAs  courant,  est  un  dArivA  du  pAtrole  dont  la  composition  chimlque  est  trAs  variable 
sutvant  les  dlfflrents  traitements  effectuAo  en  raffinerle  et  la  provenance  du  brut.  C'est  pourquol 
certalnes  normee  ont  AtA  Atablles  pour  les  carburants  A  stockage  de  longue  durAe. 

Les  principaux  problAmes  rencontrAs  sont  les  sulvants  : 

-  oxydatlon  en  prAsence  d'alr  dlssout,  ce  qul  peut  avoir  une  action  corrosive  ou  favoriser  1'apparitlon 
4*  *  ti  —  ..(..iiHm.  k  nrandr*  su  rpr.nl  i  namam  du  rAservolr  et  l'adlonctlon 
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-  corrosion  de  certains  matdrlaux  plaatlques  ou  de  joints  d'dtanchditd,  ce  qul  condltionne  la 
conception  du  reservoir.  Far  allleurs,  11  exlste  des  addltlfs  qul  limitent  les  rlsques  de  corrosion. 

-  presence  de  mlcro-organlsmes  (bactdries,  champignons,  moislssures,  levures)  qul  peuvent  se  ddvelopper 
au  contact  du  combustible.  Ils  peuvent  alors  former  des  boues  et  des  amas  de  filaments  qul  rlsquent 
d'obstruer  dlffdrents  organes.  La  presence  d'eau  dans  le  combustible  en  favorlse  la  proliferation. 

*  Plantation  :  certains  combustibles  de  haute  densltd  sont  prdpards  A  partlr  d'une  suspension  de  partlcules 
solldes  lourdes  pulvdrisdes  dans  un  support  organlque  llqulde  ;  la  stability  de  la  suspension  dtant  alors 
assurde  par  la  gdliflcation  du  support  de  faqon  A  bloquer  le  mouvement  des  partlcules..  11  faut  done 
s'assurer  qu'aprds  un  stockage  prolongd  11  n'y  alt  pas  de  risque  de  ddcantation  des  partlcules  solldes 
susceptlbles  de  modifier  les  caractdristlques  du  combustible  au  niveau  des  injecteurs. 

*  Autres  proprldtds  :  cette  llste  n'est  pas  exhaustive  :  aulvant  les  applications,  d'autres  proprldtds 
spdclflques  peuvent  dtre  souhaltdes.  A  noter  en  partlculler  : 

-  la  presence  d'addltlfs  antl-glace  pour  dvlter  la  formation  de  crlstaux  pouvant  obstruer  les  flltres 
ou  les  canalisations 

-  l'adjonctlon  de  dlsslpateurs  d 'dlectrlcltd  statique  pour  rendre  le  combustible  plus  conducteur 

-  les  contralntes  de  cofit  du  combustible  qul  n'lnfluent  pas  unlquement  sur  le  cofit  du  missile  de 
sdrle  mals  aussl  sur  le  cofit  du  ddveloppement  en  ralBon  du  grand  nombre  d’essals  effectuds  (voir 
paragraphe  6) 

-  1 ’absence  de  toxieltd,  non  seulement  du  combustible,  mals  des  prodults  de  sa  combustion  avec  l'alr. 
Cette  contrainte  eat  lmposde  aussl  par  le  ddveloppement  du  missile  plutSt  aue  per  son  utilisation 
opdratlonnelle. 


3.2.  Prlnclpaux  combustibles  llquldes 

De  nombreuses  recherches  sont  effectudes  dans  plusleurs  pays,  en  partlculler  aux  Etatj-Unls 
(rdfdrence  2),  afin  de  mettre  ru  print  des  combustibles  llquldes,  solt  plus  dnergdtlques  que  le  kdroBdne, 
solt  surtout  beaucoup  plus  denses. 

Alnsl  trols  prlnclpalea  families  sout  apparues  : 

a)  carburants  A  base  d 'hydrocarburee  provenant  du  pdtrole  ou  de  la  houllle  :  kdrosAnes  TRO,  JP4,  JP5, 
ddcallne,  tdtrallne,  ... 

b)  carburants  A  base  de  prodults  chlmlquee  de  synthAse  :  RJ4,  RJ5,  JP9,  JP10...  Pour  de  tels  prodults,  la 
proportion  d'atomes  de  carbone  par  rapport  aux  atomes  d'hydrogAne  est  plus  dlevde,  de  faqon  A  augmenter 
1' Impulsion  volumlque. 

c)  combustibles  gdllflds  Injectables  ou  "boueux"  :  11  s'aglt  de  llquldes,  tels  les  prdeddents,  dans  lesquels 
on  ajoute  une  forte  proportion  de  partlcules  solldes  trAs  fines  en  suspension  ;  par  exemple  :  carbonr  ou 
hydrocarbure  aromatlque,  bore,  aluminium,  magndslum  (le  bdrylllum  dtant  dllmlnd  car  toxlque  et 
coOteux). 

Comme  l'lndique  le  tableau  1,  le  bore  est  lntdressant  par  son  fort  pouvolr  calorlflque  volumlque, 
alors  que  1' Aluminium  et  le  Magndslum  permettent  plutflt  d 'augmenter  la  poussde  spdclflque  (rdfdrence  1  et 
3). 


Point 

Point  : 

Pouvoi r 

calorlflque  :  Rapport 

:  Element 

de  fusion 

dbulllt.  :  Densltd 

KCal/kg 

KCal/Dm3 

KCal/kg  :de  mdlange 

•c 

*C  ! 

air  :(avec  air) 

!  Aluminium 

660 

r 

2465  x  2,70 

7  350 

19  845 

1940  :  0,264 

:  Beryllium 

1280 

2970  :  1,85 

15  900 

29  410 

2100  :  0,132 

!  Oore 

2300 

2330  :  2,34 

13  800 

32  300 

1450  :  0,105 

:  Carbone 

3650 

4200  :  2,25 

7  830 

17  620 

630  :  0,080 

:  Magndslum 

648 

1104  :  1,74 

5  910 

10  270 

2080  :  0,352 

TABLEAU  I  :  Addltlfs  pour  coirbustibles  llquldes  boueux 


Du  point  de  vue  dnergdtique,  11  y  a  intdrAt  A  ajouter  le  plus  possible  de  partlcules  solldes  dans 
le  llqulde.  Mals  pratlquement ,  cette  tendmee  est  frelnde  par  : 

-  le  soucl  de  conserver  un  prodult  flulde  et  Injectable 

-  la  capacitd  des  partlcules  solldes  A  brfiler  dans  la  chambre  de  combustion  (en  partlculler,  pour 
celles  de  bore,  11  faut  qu'elles  rencontrent  sufflsamment  de  rones  chaudes  issues  de  la  combustion  du 
support  llqulde) 
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A  titr*  d’exemple,  le  tableau  II  donoe  lea  caractferiatlquea  de  quelquea  combustibles  liquides.  Sans 
•tre  exhauatlf,  car  certalnes  donates  ne  sont  pas  accesalbles  dans  la  llttCrature,  11  lllustre  la 
recherche  de  combustibles  A  fort  pouvoir  calorlflque  volumlque.  On  peut  constater  en  partlculler  que  : 

-  1* augmentation  du  pcuvoir  calorlflque  volumlque  est  aouvent  116e  A  une  proportion  AlevAe  d'atonea  de 
carbone 


-  pour  lea  applications  sSroportdes,  on  privilfgie  un  baa  point  de  coagulation 

-  pour  lea  applications  aur  navi re,  ce  aont  plutfit  lea  probl&iea  de  sdcurltd  incendle  qui  guiJent  le  choix 
(point  d'tclalr  dlevd) 

-  certains  combustibles  "boueux"  permettent  d'obtenlr  dea  pouvoirs  caloriflques  trAs  Alevfs.  Deux  exenplea 
de  cea  produita,  objeta  de  recherchea  en  Prance  aont  indlquds.  Dotds  de  fortes  proprldtAs  thlxotroplquea , 
Us  ont  une  falble  variation  du  curporteaent  A  l7 injection,  dans  un  grand  intervene  de  temperature. 
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TABLEAU  XI  :  Cbntoustihles  liquides  4  fort  pcuvoir  calorifique  volumlque 


*  -  ALIMENTATION,  REGULATION  ET  INJECTION  DU  COMBUSTIBLE 

L'utillsatlon  de  combustible  liquide  sur  missile  conduit  A  dee  technologies  partlcullAres,  en  raison 
de  contrelntes  opSrationnelles  »p6cifiques,  telles  que  : 

-  Stockage  de  trds  longue  dur6e  (  ^  10  an8),  avec  cycles  thermlques,  sans  modification  de  l'Ctat  du 
combustible  et  ue  I'6tanch6it6  du  reservoir. 


■  Expulsion  du  coabustlble  assurSe  dsns  toutes  les  conditions  de  facteur  de  charge  (Jusqu'4  10  ou  20  g  en 
transversal),  en  6vltant  le  ballotteaent  du  liquids  ;  en  effet,  11  ne  faut  pas  secouer  les  fiqulpeaents 
enbarquSs ,  nl  surtout  ddsamorcer  les  pompea  ou  les  vsnnes  ,  avec  le  risque  d'extinctlon  du  statordacteur 
qui  a'en  sulvralt.  C'eat  pourquol  11  est  preferable  de  recourlr  3  un  disposltlf  "actif"  d'expulalon  du 
combustible  (piston  ou  vessle  pressurisde). 

■  SystAme  de  regulation  capable  d 'assurer  une  grande  plage  de  variation  de  debit  A  titre  lndicatlf,  un 
missile  devant  dvoluer  dans  une  game  dtcndue  d'altitude,  avec  des  trajectolres  diverslfides,  aura 
pratlqueaent  besoin  d'une  regulation  de  debit  dans  un  rapport  de  1  4  15  ou  1  4  20  pour  couvrlr  1 'ensemble 
du  domsine  de  vol. 

Ear  allleurs,  d'autres  contralntes  plus  gSnSrales  sont  4  prendre  en  compte  : 

recherche  d'une  granle  compacltd  ,  ce  qui  conduit  4  optlmlser  le  syatJae  de  chasse  du  combustible  et  la 
conception  du  reservoir, 

recherche  d'une  reduction  de  la  vulnerabilite  du  missile  4  des  impacts  de  belles  ou  d'eclats,  ce  qui  peut 
condulre  4  un  f ractionnement  du  reservoir. 


/ 


•W* 
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4.1 .  Systdmes  d 'alimentation 

II  exlste  de  noabreuses  techniques  puur  expulser  le  combustible  du  reservoir  et  allmenter  le  moteur. 
Si  l'on  se  llmite  4  celles  ddveloppfies  ces  dernlSres  annfes,  on  peut  dire  qu'ellea  se  groupent  en  deux 
families  : 


*  lea  systSmes  de  chaase  4  partir  d'un  gaz  sous  presslon 

*  las  syst4mes  4  turbo-pompe. 

Ces  deux  techniques  ont  6t6  ddvoloppdes  avec  succds  i  schfmatlquement ,  la  preml&re  est 
partlcullferement  bien  adaptde  aux  probldmes  de  atockage  de  longue  durte,  tandls  que  la  eeconde  eat 
prdfdrable  pour  les  vole  de  longue  portde. 


4.1.1.  Chaase  par  flax .sous  _j>res  a  1  on 


Les  missiles  les  plus  anclens,  ou  certains  prototypes  ont  utllisd  un  rdaervoir  d'air  ou  d 'azote 
comprlm£  sous  plusleurs  centalnes  de  bar.  Ce  gaz,  apr4s  passage  dans  un  dStendeur  ftalt  envoy£  dans  un 
rdservolr  4  piston  ou  4  vessle. 

Hals  cette  technologic  est  mal  adaptSe  aux  conditions  op£rationnelles  des  longs  vole  4  basse 
altitude  :  d4s  que  la  portde  a'accrott,  la  masse  et  1 'encombrement  devlennent  prohlbltlfs.  C'est  pourquol 
on  utilise  malntenant  un  gaz  fouml  par  un  g£n£rateur  pyrotechnique,  solt  4  propergol  sollde,  solt  4  ergols 
llquldes.  Dans  les  deux  cas,  les  gaz  prodults  dolvent  £tre  suf fisammer c  froids  pour  ne  pas  dfigrader  les 
mattriaux  du  piston  ou  de  la  vessle. 

La  figure  6  lllustre  une  telle  technique  :  les  gaz  "froido"  d£llvr£s  par  le  g£n£rateur  poussent  un 
piston  qul  chasse  le  combustible  vers  les  lnjecteurs.  Cette  conf  .oration  est  blen  adapt£e  au  stockage  de 
longue  dur£e,  car  le  combustible  peut  8tre  totalement  Isold  et  sans  contact  avec  des  matdrlaux  organlques 
ou  plastiques,  une  membrane  mdtalllque  claquable  acellant  complStement  le  rdservolr.  II  faut,  blen  sOr, 
prdvolr  4  1'arrlSre  du  rdservolr  une  enceinte  d'expanaion  pour  assurer  la  llbre  dilatation  du  combustible. 
Cette  foirtuxe  aupprlme  totalement  les  rlsquea  de  ballottement  ;  mala  *te  ea-  incompatible  avec 
l'uClllsatlon  de  rdservolrs  multiples  ou  de  forme  irrSguliire. 


Fig.  6  :  Alimentation  par  genera teur  de  gaz  et 
piston 


L'utllisation  d'un  gdndrateur  de  gaz  prdsente  des  avantages  op&ratlonnels,  mala  elle  conduit  aussl  4 
certalnes  contralntes  pour  la  regulation  du  ddblt.  En  effet,  ce  dernier  est  fonction  de  l'tcart  entre  la 
presalon  dans  le  rdaervolr  et  celle  qul  r4gne  dans  la  chambre  de  combustion.  II  exlste  done  : 

-  une  presslon  minimale  dans  le  rdservoir,  sufflsante  pour  une  injection  correcte  lorsque  la  presslon 
dans  la  chambre  est  dlevde  (par  exemple  vol  4  grande  Vitesse  4  basse  altitude) 

-  une  presslon  maxi male  afin  de  limiter  les  contralntes,  ou  les  ddforoations,  dans  la  structure  du 
rdservoir. 

C'est  pourquol,  dans  le  cas  de  missions  de  longue  durSe,  comportant  de  grandes  variations  d'altitude 
ou  de  Vitesse,  c'ust  4  dire  de  grandes  variations  de  d£blt  de  combustible,  un  tel  systdme  suppose  : 

*  un  fractlonnement  en  plusleurs  g£n£rateurs  de  gaz  fonctlonnant  successivement  (limitation  de  la  presslon 
maxlmale) 

*  l'utllisation  d'lnjecteurs  4  section  variable  (voir  paragraphe  4.3.1.) 


4.1.2.  Systdmes  4  turbo-pompe 


Le  transfert  du  combustible  du  rSservoir  vers  les  lnjecteurs  peut  Stre  assurft  par  une  turbo-pompe. 
Celle -cl  aspire  le  combustible  et  fournlt  la  presslon  ndeessaire  4  une  bonne  injection.  La  turbine  qul 
entralne  la  pompe  est  alimentSe  par  un  pr£14vement  d'air  dsns  la  manche  (de  l'ordre  de  11  du  d£bit  d'air 
qul  traverse  le  moteur),  son  Schappement  s'effectuant  4  la  presslon  atmosphdrique.  On  arrive  ainsi  4  un 
syst4me  beaucoup  plus  l£ger  que  dans  le  cas  oO  la  pompe  seralt  entralnde  par  un  moteur  dlectrique  aliments 
par  des  batteries. 

Dans  cette  formule,  le  combustible  est  g£n£ralement  stocks  4  1'intSrieur  d'une  vessle  souple  ; 
celie-ci  est  pressurlsSe  4  la  presslon  de  l'air  entrant  dans  la  chambre  (fig.  7);  cette  pressurisatlon 
permettant  de  "gaver"  la  turbo-pompe  et  alnsl  d'Sviter  les  risques  de  cavitation. 

One  telle  configuration  est  blen  adapt£e  aux  missions  de  longue  dur£e,  ou  4  l'utllisation  de 
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*  1*  miae  «u  point  de  la  turbo-pompe  qul  dolt,  «pr4s  dea  ann£e*  de  stockage,  falre  preuve  d'une  gcande 
flabllltC  dan*  dea  condition*  opCratlonnelle*  d'emploi  trSa  variables,  par  exemple  en  temperature. 

*  la  conception  du  reservoir  et  le  cholx  de*  matdriaux  permettant  un  stockage  de  longue  dur6e.  En 
partlculler,  le  matdrlau  de  la  veasle  dolt  : 

-  assurer  une  4tanch£lte  parfalte  au  stockage 

-  ne  pas  se  degrader  au  contact  du  combustible 

-  4tre  apte  4  une  pressurlsatlon  par  de  l’alr  chaud  prdlevb  en  amont  des  lnjecteurs  (temperature 
pouvant  *tre  scpdrleure  4  400*C  sulvant  la  vltesse  de  vol) 


Fig.  7  i  Allimntaticn  par  turbo-ponpe  et  vessie  souple 


V4mtvo V  combi*  tibio 


Vlfl 

injbctours 


Turbin •  a 
air 


Vann*  do) 
rspula/wi  | 


-  avoir  une  bonne  tenue  mdcanlque  pour  reslater  aux  efforts  dus  aux  facteurs  de  charge  et  neanmolns 
It re  suffisamment  souple  pour  expulser  preaque  tout  le  combustible  (par  exemple  rendement 
d'expulslon  superieur  4  96%). 

C'ast  pourquol  des  vessles  metalliques  sont  parfols  utlllsees. 

4.2.  Principe  dc  la  regulation 

Le  eyetiae  de  regulation  dolt  fournir  4  cheque  Instant  le  debit  de  combustible  ndcessalre  au 
programme  de  vol  (r£f.  4).  11  dolt  done,  dans  tout  le  domalne  (caract€rl*e  par  la  variation  du  nombre  de 
Mach,  de  l'altitude,  de  l'incldence,  de  la  temperature  de  l'atmosphSre,  ...)  t 

*  assurer  un  fonctlonnement  correct  du  moteur  ;  pour  cela  ie  debit  de  combustible  dolt  toujour*  *tre 
eomprls  entre  deux  valeurs  limits*  : 

-  une  valeur  maximale  correspondent  4  la  poussee  maximal*  compatible  avec  la  limlte  d 'extinction  riche 
et  le  fonctlonnement  stable  des  entrees  d'alr, 

-  une  valeur  mlnlmale  correspondent  4  la  pou*s£e  minimale  compatible  avec  la  limlte  d 'extinction 
pauvre. 

*  permettre  de  rCgler  la  vltesse  du  missile  aux  valeurs  demanddes  par  le  programme  de  vol,  en  fonctlon  du 
temps,  de  l'altitude,  ... 

One  chafne  de  regulation  comprend  done  une  vanne  de  rdglage  du  debit,  un  ensemble  de  capteurs,  un 
calculateur  et  un  systems  d 'asservissement  (figure  8). 

La  position  de  la  vanne  de  regulation  est  asservle  de  fa;on  4  ce  que  la  valeur  d'un  paramStre 
caractdrlstlque  de  la  poussee,  calcuiee  4  partlr  de  oesures  faltes  sur  le  statordacteur  en  fonctlonnement, 
solt  Cgale  4  la  valeur  de  commande. 

II  faut  noter  que  la  regulation  d'un  combustible  llqulde  peut  se  falre  avec  un  temps  de  rdponse 
beaucoup  plus  bref  que  celul  d'un  combustible  gazeux  (pour  un  statofusde  avec  g6n6rateur  de  gaz  s£par€,  11 
faut  en  effet  tenlr  compte  de  la  rdponse  du  propergol  et  du  volume  du  generateur)  et  done  peut  Stre 
utilise*  m£me  au  cours  de  manoeuvres  tr4s  rapldes  (raises  en  Incidence  brutale,  par  exemple).  Le  moteur 
peut  alors  fonctlonner  avec  une  marge  supercrltlque  plus  rddulte  et  done  des  performances  optinales. 


Fig.  8  t  Schetra  d'urvs  chalne  de  regulation 


4.3.  Injection 

4.3.1.  Technolcgle  des  lnjecteurs 
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Celle-ci  est  fonction  de  la  mission  du  missile  et  de  son  domalne  de  vol.  Par  exemple,  pour  un 
missile  air-sol  capable  de  voler  d  trds  haute  et  trds  basse  altitude,  ou  d'un  missile  mer-mer  avec  croisidre 
d  moyenne  altitude,  et  acc616ratlon  au  niveau  de  la  mer  pour  des  fvaslves  finales,  le  ddbit  de  combustible 
ndcessalre  peut  verier  au  moins  dans  un  rapport  1  d  15  . 

Dens  ce  cas,  la  diffSrence  de  presslon  *  travers  un  injecteur  d  section  d'injection  fixe  devra 
vatler  dans  un  rapport  1  d  225  (*).  Or,  pour  bien  pulvSriser  ur.  combustible  liqulde,  surtout  s'il  est  un  peu 
vlsqueux  (pour  mSmoire  certains  combustibles  denses  sont  visqueux  d  froid),  11  faut  une  diffdrence  de 
presslon  minimale  d  trovers  1 'injecteur,  Supposons  que  celle-cl  solt  de  1  bar  d  haute  altitude,  cette 
difference  de  presslon  devrait  verier  alors  deli  225  bars,  ce  qul  correspond  d  basse  altitude  d  une 
presslon  d'injection  trop  £lev£e,  de  l'ordre  de  235  bars. 


C'est  pourquol,  pour  de  telles  missions,  on  utilise  : 

-  aolt  plusleurs  circuits  6qulp4s  d'lnjecteura  d  section  constants ,  coupes  suc-essivement  lorsque  le  debit 
dlmlnue  (figure  9). 

-  solt  un  seul  circuit  CqulpS  d'lnjecteura  d  section,  ou  d  coefficient  de  debit,  variable  permettant 
d 'exploiter  au  mleux  les  posslbliltds  du  systSme  d 'alimentation. 

Lea  technologies  mises  en  oeuvre  sont  trds  dlverses  :  lnjecteurs  d  bolsseau  toumant,  d  bolsseau 
coullssant,  d  membrane,  ,, .(figure  10). 

En  dehors  des  probldmes  classlques,  de  mdcanlque,  de  lubrlflcatlon  et  d'uslnage,  la  mlse  au  point  de 
tels  lnjecteurs  conslste  d  verifier  que  l'homogfnSltd  du  panache  et  la  quallte  de  la  pulverisation  se 
cunservent  malgre  le  variation  : 


-  de  la  section  d'injection 

-  de  la  presslon  d'injection 

-  de  la  presslon  du  courant  d'alr. 


1  at  2  Vannes  de  laminage  d  positionnement  proportionnet 
3  Electrovanne  de  barrage 

Circuits  1  et  2  :  basse  &  moyenne  attitude 

Circuits  1  vanne  3  fermie  :  moyenne  d  haute  altitude 

Fig.  9  s  Injection  &  circuits  s4par4s 


/hi 


t)  i  boisseau  toumant 

Fig.  10  :  lnjecteurs  a  section  variable 


<*)  R«PPel  :  9  "  CD  Sc  ’  2^Ap 

q  :  dibit  massique 

0^  s  coefficient  de  dibit  caractirisant  la  giomitrie 
de  1 'injecteur 
S  :  section  d'injection 

f  :  masse  volumique  du  combustible 
Ap  :  diffirence  de  presslon  d  travers  l'injecteur 


A . 3 . 2 .  Localisation jie _1  ^inj_e c t i on 


La  localisation  pricisc  de  cheque  injecteur  est  un  probldme  difficile  et  qui  reste  prqbableraent  pour 
de  nombreuses  annieo,  essentiellement  empirlque  .  C'est  pourquol  la  raise  au  point  compldte  d'un  moteur 
nicesalte  plusleurs  annies  d'eosais  au  banc,  surtout  si  le  domaine  de  vol  est  itendu.  En  effet,  le  nombre  de 
paramdtres  de  riglage  est  ilevi  : 

-  type  d 'lnjecteurs 

-  nombre  et  position 

-  orientation  du  jet  de  combustible  !  dans  le  sens  du  courant,  d  contre-courant ,  etc... 

Pour  chaque  configuration  d'injection,  il  faut  optimiser,  dans  toutes  les  conditions  du  vol  (Mach, 
altitude,  incldence/dirapage,  ...)  : 

-  le  rendement  de  combustion 

-  les  llmltes  d 'extinction  riche  et  pauvre 

-  les  pertes  de  charge  Internes 

-  les  InstabilitAs  de  combustion 


5-13 


5  -  CHAMBRES  DE  COMBUSTION 


la  chambre  de  cotabus t ion  d'un  atatordacteur  eat  un  des  dldments  du  missile  done  le  ddveloppement  eat 
le  plua  long.  En  effet,  elle  dole  assurer  un  grand  n^mbre  de  fonctlon8,  prlnclpalement  sur  lea  veralona 
mod  ernes  oO  l'accdldrateur  eat  lntdgrd.  Cea  fonctiona  aone  leB  sulvar.tee  : 

*  aaaurer  une  coabuatlon  avec  un  bon  rendenent,  tout  en  alnlaiaant  la  trainee  adrod • xamique  du  aiaalle  : 
cecl  conduit  A  une  reduction  des  aectlons  frontales,  done  A  dea  "lteaaea  Internes  trds  dlevdes 
(frdquemaent  100  1  150  mdtres/sec  dans  le*  entrdes  d'alr  et  300  mdtres/sec.  dans  la  chaabre).  C'eat 
pourquoi  la  flamme  dolt  Stre  stabillsde  par  des  aoyens  partlcullera,  mdcaniqces  ou  adrodynamiques. 

*  contenlr  le  propergol  de  l'accdldrateur  lr..*»rS  et  par  congdquent  lea  contralntes  qul  rdaultent  de  son 
fonctionnement  :  trappes  assurant  l'dtanchditd  A  l'aaont  en  phase  accdldrde,  tuyAre  aalntenant  la  presslon 
da  l'accdldrateur  (70  1  KO  bars)  puls  s'djectant  en  fin  de  sequence. 

*  contrlbuer  1  1 ’endurance  du  aoteur,  aurtout  pour  lea  vola  de  longue  durde  avec  des  conditions  de 
tempdrature  et  de  presslon  Interne  trds  variables. 

II  faut  noter  que  cea  fonctiona  ainal  que  lea  contralntes  qul  en  rdsultent,  sont  pratlqueaent 
lnddpendantes  de  la  nature  physique  du  combustible,  qu'll  soit  llqulde  ou  gazeux  (atatofusde). 


5.1.  Conception 

La  conception  d'une  chaabre  de  combustion  ddpend  de  la  configuration  adrodynamlque  du  aiaalle  et  de 
la  aisslon  qul  lul  eat  assignee.  D'une  faqon  gdndrale,  on  peut  distlnguer  : 

5.1.1.  Lea  configurations  avec  accdldrateur  gdpard  ,  celul-cl  pouvant  dtre  aontd  en  tandea,  latdralement 
ou  coullaaant  dans  la  chambre  de  combustion.  Dans  ce  caa,  la  chaabre  n'a  pas  A  sublr  lea  contralntes  d'un 
accdldrateur  lntdgrd  : 

-  elle  peut  contenlr  des  accroche-flammes  adtalllques  pour  facillter  la  combustion 

-  elle  fonctlonne  1  basse  presslon  (lnfdrleure  de  10  bars  environ)  et  ne  comporte  pas  d 'obturateura 
djectablea 

-  ga  atructure  peut  8tre  optlmisde  par  les  conditions  d 'endurance  en  vol  de  crolsldre,  avec  un  cholx 
beaucoup  plus  large  de  technologies.  Par  exemple,  on  peut  envlsager  des  solutions  oti  les  parols  sont 
refroldles  par  film  d'alr  prdlevd  A  l'amont,  comae  pour  les  poat-combustions  des  turbordacteurs 

-  la  adquence  d'allumage  du  atatordaettur  n'eat  pas  critique,  pulsque  celul-ci  peut  dtre  allumd  y  coaprls 
pend  mt  le  fonctionnement  de  l'accdldrateur 

-  Is  longueur  de  la  chambre  eat  ddter-iinde  par  l'obtention  d’un  bon  rendeaent  de  uombuotlon.  Elle  peut 
dtre  plus  courte  que  pour  les  versions  A  accdldratcur  lntdgrd  (solt  1  mdtre  au  maximum). 


Exemple  de  calcul  dr  la  longueur  mlnlmale  d  'une  chambre  de  combustion  (figure  11)  I 

Conslddrons  un  mdlange  prdcarburd  pdndtrant  dans  une  chambre  de  combustion.  La  longueur  mlnlmale  de 
la  chambre  est  celle  A  partlr  de  laquelle  la  combustion  peut  dtre  conslddrde  comme  compldte,  avant  que 
1 ' jcoulement  ne  pdnAtre  dans  la  tuyAre  d'djection. 

A  partlr  du  point  B,  zone  oO  la  flamme  s'accroche,  ae  ddtache  uu  front  de  flamme  BA  A  la  traversee 
duquel  la  combustion  ee  prodult  ;  al  elle  dtait  lnstantande,  11  est  clalr  que  la  combustion  seralt  compldte 
A  partlr  de  A,  point  oO  ae  encontrens  les  fronts  de  flamme.  Mala  en  rdalltd,  11  faut  tenlr  compte  d'une 
distance  suppldraentalre  qul  ect  fonctlon  d'un  temps  caractdriaant  la  durde  des  rdactlons  chlmlques. 


front  dt  fltmmt 


0*0,  iOm 


rig.  11  i  longueur  rrnninale  d'  me  charrtre  de  contous- 
tiar. 


La  longueur  mlnlmale  est  alors  la  sonue  de  cea  deux  termes  : 


V,,  et  V,  dtant  les  vltesseo  dans  la  chambre,  avant  et  aprds  combustion.  La  Vitesse  de 
progression  du  front  de  flamme  dtant  : 


V  V*  V*  -.'  ' 


-  *“  J-  S'  ■ 
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Avec  let  conditions  de  references  : 

V  «  15  .S_1  pour  Pr  “  1  bar 
r  at  Tr  -  288‘K 

tc,  temps  caractf rlstique  des  reactions  chlmlques,  est  donn£  par  : 
tc  x  (P3>°*25  x  (T^)1’8  -  50 

La  figure  11  montre  qua  la  longueur  de  la  chaabre  de  coabustlon  eat  d 6t  .  ln(e  par  1‘ altitude 
aaxlaale  de  vol.  Blen  entendu,  d’autres  configurations  gfomStrlques  que  cellea  c  ■■  cette  figure  per uettralent 
de  redulre  cette  longueur  si  cela  s'av(ralt  nf:easalre> 

Cette  configuration  eat  celle  de  la  plupart  dea  alsellea  1  statoreacteur  conqus  dans  le  pass(.  Mala 
11  est  probable  qu'elle  reviendra  dans  l'avenlr  pour  lea  vola  de  longue  dur4e  (plus  de  10  ainutea  par 
example). 


5.1.2.  Lea  conf lguratlonc  avec  acc81(rateur  lnt(gre  aana  la  chaabre,  qui  aont  actuelleaent  lea  plus 
4tudi(es  pour  lea  missions  de  courte  ou  aoyenne  port4e,  en  raison  de  leur  excellence  coaoacite.  Lea 
contralntea  qui  guldent  leur  conception  aont  lea  auivantes  : 

*  la  longueur  eat  g£n£ralenent  d6termin(e  par  le  volume  occup(  par  le  bloc  de  propergol,  cette  condition 
itant  diaenslonnante ,  m8me  dana  le  cas  oO  le  missile  est  tir(  depute  un  avion  raplde 

*  la  flaaoe  est  stabillade  prlnclpalement  par  dea  aoyens  pureaent  aCrodynaalques ,  car  11  faut  (liminer  tout 
dlsposltlf  accroche-flammes  au  contact  avec  lea  gaz  du  propergol.  NAanaolna,  si  lea  volumes  de 
recirculation  aont  lnsufflsanta,  11  est  possible  d'aafliorrr  la  coabustlon  par  de  petlts  accroche-flammes 
sltu(s  en  amont  des  obturateura  Cjectables. 

*  la  technologle  de  la  protection  thermlque  est  un  element  determinant  car  lea  parols  aont  soumises  4  des 
Ccoulementa  de  gaz  4  forte  temperature  et  grande  Vitesse,  entralnant  des  (changes  thermiques  lmportants 
;  de  plus  elle  doit  r(slster  4  des  conditions  tr4s  difffrentes  : 

Dana  la  phase  d 'acceleration,  les  gaz  du  propergol  aont  reducteurs,  4  des  temperatures  (levees, 
juaqu'4  3  600*K,  4  des  presslons  de  l'ordre  de  100  bara,  mats  avec  de  falbles  vltesses  4  la  parol  et 
des  durCea  de  fonctlonnement  courtes  (4  4  10  secondes  environ). 

Lea  gar  du  statoreacteur  aont'  plutSt  oxydants  et  4  beaucoup  plus  faible  temperature  (2  000'K 
au  aaxlmum,  sauf  dans  les  noyaux  de  recirculation)  et  presslon  (inf6rieure  ou  (gale  4  10  bars 
environ),  aala  les  vltesses  peuvent  attelndre  300  4  350  aS  1  et  les  durdes  de  fonctlonnement 
plualeurr  centalnea  de  secondes. 

Blen  entendu,  la  protection  thermlque  dolt  £tre  de  faible  (palsseur  afln  de  ne  pas  redulre  la 
pouss£e  du  statoreacteur  (en  effet,  4  tuydre  donn(e,  la  poucs£e  aaxlaale  dialnue  avec  1 ’augmentation  du 
nombre  de  Mach  dans  la  chambre). 

Cea  problSmes  techniques  peuvent  Stre  assez  facilement  resolus  pour  les  missions  de  courte  dur6e 
avec  des  conditions  de  fonctlonnement  r< latlvement  peu  variables  (par  exeaple  mission  sol-air  de  dur£e 
lnferleure  ou  (gale  4  30  secondes).  Far  contre,  si  le  vol  dure  plualeurs  centalnes  de  secondes,  avec  des 
conditions  tr4s  variables  (trajectolies  dlversifi£es  4  basae  et  haute  altitude)  le  problSme  devlent  plus 
difficile,  d’autant  plus  qu’il  est  parfols  accentu6  par  la  presence  d ’lnatabllltes  de  combustion  (voir 
5.3.). 


Lea  solutions  envlsageables  sont  dlverses,  sulvant  la  dur(e  de  la  aisslon  : 


5. 1.2.1.  Protections  thermiques  fonctlonnant  en  regime  transltolre  :  il  a’aglt  de  materlaux 
composites  peu  conducteurs  qui  pyrolisent  et  se  ceramisent  progressiveaent  en  surface.  Une  faible 
conductivite  thermlque  permet  non  seuleoent  de  conserver  la  parol  exteme  "froide",  mals  aussl  de 
redulre  le  flux  de  chaleur  qui  p€n4tre  dans  .’.e  materiau,  grSce  4  une  elevation  raplde  de  la 
temperature  de  parol  au  contact  avec  la  flaome  : 

Q-ChfVCp  (Ta-Tpl) 

C.  ,  coefficient  de  transfert  de  chaleur  (de  0,001  4  0,005  sulvant  la  zon-i  de  la 
chambre  de  combustion) 

^  ■  V,  Cp,  Ta,  caract£ristlques  des  gaz  de  comvjstlon. 

De  plus,  les  reactions  d 'ablation  ou  de  pyrolyse  qui  sc  produlsent  en  surface 
refroldissent  la  parol.  Hals  lorsque  le  materiau  eBt  entlSrement  ablate  ou  ceramis6,  la 
conductivite  du  residu  est  la  seule  propri6t6  qui  agisse  sur  le  gradient  thermlque  dans  la  paroi. 
C'est  pourquol,  un  tel  proc6d6  est  lialte  ea  duree  :  de  l’ordre  de  10  ou  15  minutes  pour  des 
(palsseurs  lnferleures  ou  (gales  4  15  mm. 

Deux  types  de  produits  ont  donn(  satisfaction  : 

-  rlgldladres  4  base  de  r(sines  thermodurclssables  (ph(nollque)  charges  de  produits  r(fractaires  et 
structures  avec  un  tr4s  fort  pourcentage  de  tissue  de  slllce  disposes  non  parallSlement  4  la 
parol.  Cette  structuration  doit  etre  telle  qu'elle  permette  les  deformations  radiales  et 


-  — *  v ».  i .  V  . 


»""y»  v*  v* ; 


w.'t 


v.v.v  v.v  V  V’  *'  v_*  w_- 
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-  eiastonireg  3  base  de  r6slne  silicone  charges  en  materiaux  et  fibres  r6fractaires  qul  peuvent 
Itre  moul6s  in  situ  dans  la  chambre  de  combustion-  Cette  solution  est  performante  (car  falble 
conductivity)  et  de  alse  en  oeuvre  en  prlncipe  simple-  Male  la  couche  pyrolys€e  Stant  plus 
fragile,  il  est  parfois  necessaire  d'armer  la  protection  thermique  au  aoyen  d’une  armature 
metallique  ou  en  materlau  composite  (reference  S  et  figure  12). 


Fig.  12  :  Gradient  thermique  dans  l'epaisseur  d'une 
protect!  cr.  thermique  i  solan te 


5. 1.2. 2.  Protections  thermiques  fonctlonnant  en  r6glme  permanent  .  Pour  des  temps  de  vol  encore  plus 
longs  11  faudralt  faire  appel  3  des  techniques  de  refroldlssement ,  par  convection  forc6e  de  l'alr,  par 
rayonnement  des  parols  ou  ,localement,  par  circulation  du  combustible-  Tous  ces  proc£d£s  sont  complexes 
ou  codteu-. 


On  autre  concept  peut  8tre  propose  :  il  s'aglt  de  realise?  la  protection  thermique  en 
materiaux  "thermostructuraux",  e'est  3  dire  qui  ne  perdent  pas  leurs  propriet6s  mecaniques,  mSme  8 
haute  temperature  :  ceci  peut  8tre  obtenu  en  assoclant  une  structure  r£slstante  (fibres  de  carbone,  de 
carbure  de  sillclum,  d'alumlne,  ...)  avec  une  matrice  stable  8  haute  temperature  (cerbone,  carbure  de 
slllclum,  alumlne,  ...).  L'avantage  esc  que  l'epaisseur  du  materiau  est  falble  et  pratiquement 
lndependante  de  la  dur6e  de  vol.  Par  contre,  la  temperature  61evee  de  la  parol  exteme  et  la  nScesaite 
d'evacuer  les  calories  par  convection  ou  par  rayonnement  compliquent  1 'amenagement  du  missile-  A  titre 
d 'example,  la  figure  13  indique  le  gradient  thermique  dans  un  mat6riau  thermostructural ,  d'epaisseur  8  mm 
et  de  conductivity  k  •  10  W/m.X  ;  deux  missions  aout  euviaag6es  :  crolslSres  8  Mach  3,5  3  una  altitude  de 
25  km,  et  3  Mach  2,6  3  une  altitude  de  10  km. 


Fig.  13  !  Gradient  thermique  dans  la  pared  d'une  charrfcre 
de  contoustion  en  nst^riae  thermostructural 


Flux  dt  convection 
des  gaz  dt  combustion 

I  f  <  i  J  l 


Rafroidaaamant  Rafrtyd/ssamant  par 

par  correction  axttma  rayonntmtnt  (haute  altitude) 


Les  hypothdsee  de  calcul  sont  les  sulvantes  : 


Coefficient  de  transfert  de  chaleur  : 


C^  ■  0,0010  3  l'exterieur  du  moteur 

»  0,0025  8  l'interleur  du  moteur 


Emissivlte  de  la  paroi  exteme  :  0,7 
Richesse  do  moteur  :  0,6 


5.2.  Performances  et  modeilsatlon 


Les  performance s  recherchdes  sont  les  sulvantes  : 

*  bon  fonctlonnement  dans  une  large  plage  de  richesse  ;  celle-ci  peut  aller  d  'une  valeur  mlnimale  de  0,2 
(manoeuvres  3  haute  altitude,  deceleration)  jusqu'3  une  limite  riche  souvent  supdrieure  au 
stoechlometrlque  (forte  poussee  pour  acceierer  ou  monter  3  haute  altitude,  manoeuvres,  ...). 

*  rendement  de  combustion  (rapport  du  debit  de  combustible  brilie  au  debit  injecte)  sup6rieur  S  0,9  en 
phase  de  crolslAre. 

*  efficacite  en  presalon  (rapport  de  la  presslon  totale  au  col  3  la  pression  totale  en  fin  de  dlffuseur) 
sup6ricure  3  0,85  malgre  les  pertes  de  charge  de  combustion  ou  d'origine  a6rodynamlque  (obstacles  divers 
dans  les  manches  3  air  :  lnjecteurs,  atabillsateurs  de  flamme,  ...). 

Ces  performances  ne  sont  acqulses  qu'au  prix  de  nombreux  essals  effectues  sur  des  maquettes  en  vrale 
grandeur.  On  tel  d6veloppement  est  coQteux  en  raison  du  grand  nombre  de  paramStres  3  faire  verier.  C'est 
pourquol  11  est  preferable  d'optimiser  3  priori  la  g8ometrle  et  le  fonctlonnement  du  moceur  grSce  3 
1 'exploitation  de  mod31es  math6matlques  approch6s.  La  demarche  est  alors  la  sulvante  (rdf  6  et  7)  : 
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5.2.1.  Des  essals  da  visualisation,  en  £coulement  froid,  sont  r£alls£s  au  moyen  d'une  maquette 
transparente  (Fig.  14).  Deux  m£thodes  sont  employees  : 

*  mithode  du  tunnel  hydrodynamlque  :  par  Injection  de  aicrobulles,  on  observe  l'£coulement  dans  la 
chambre  de  combustion,  afln  de  sltuer  les  zones  de  recirculation,  les  d£collementa ,  les  tourbillons. 
L'utllisatlon  d'un  traceur  color?  et  de  techniques  vid£o  permet  d'obtenii  des  r£sultats  quantitatifs  : 
volume  des  zones  de  recirculation,  carburatlon  locale  pour  chaque  position  d'injection,  etc... 

*  m£thode  en  velne  forc£e  a£rodynamique  :  grice  3  des  mesures  diff£rentes  (vltesse  locale  de 

1 '(coulement  d'alr,  concentration  locale  d'un  traceur  gazeux,  ...),  il  est  possible  de  completer  la 
description  qualitative  et  quantitative  de  l'£coulement  dans  la  chambre  de  combustion. 


5.2.2.  A  partlt  des  risultats  exp£rimentaux  obtenus  pr£c£demment ,  une  mod£llsatlon  simpllfl£e  de  la 
combustion  est  effectu£e,  en  consld£rant  globalement  lec  zones  prlncipales  de  la  chambre,  par  exemple 
les  riacteurs  R1 ,  R2  et  la  zone  de  Jet  J  (Fig.  15).  Pour  chacune  de  ces  zones,  les  essals  ont  permia  de 
ditermlner  le  volume  occup£  dans  la  chambre  et  les  fractions  de  dibit  d'air  et  de  dibit  de  combustible 
qul  les  traversent. 

Pn  asslmllant  les  riacteurs  81  et  K  1  des  foyers  homogSnes,  11  est  possible  de  privoir  les 
llaltes  de  stability  de  la  combustion  dans  tout  le  domains  de  vol  (Fig.  16). 

Men  que  la  mithode  cl-dessus  soit  sommaire  et  ne  rende  sans  doute  compte  qu'lmparf&ltement  des 
phinomines,  elle  permet  d'effectuer  une  optimisation  paramitrique  de  la  configuration,  ce  qui  faclllte 
et  ridult  le  coQt  de  la  mise  au  point  de  la  chambre  de  combuotlon. 


30-i  Z( km)  R,  a  avsc  combustion 


Fig.  15  :  Modelisaticn  d'une  charrbre  de  contoustion  Fig.  16  :  Predicticn  du  dortaine  de  stabilite 

5.3.  Inatabllltis  de  combustion 

Tout  mcteur  thermique  auquel  on  dearnde  d 'excellentes  performances  dans  un  domain*  le  fonctionnement 
tris  itendu  risque  de  rencontrer  en  quelques  points  de  ce  domalne  des  ph£nom3nes  vlbratoires  g£nants.  Ce 
n'est  pas  une  particularly  du  stator£acteur,  et  l'on  salt  que  de  graves  d£boires  peuvent  apparaltre  sous 
forme  d 'lnstabllit£s  de  combustion,  aussl  bien  sur  les  fus£es  3  propergol  solide  que  sur  les  fus£es  3 
llqulde,  dis  que  l'on  recherche  des  performances  £lev£es  (exemples  :  lnstabllit£s  du  ler  £tage  de  SATURNE  V, 
inatabllltis  tangentielles  du  moteur  AR1ANE,  etc...). 

Touts  bonne  combustion  6tant  assortie  de  vibrations,  11  faut  done  s’ assurer  que  celles-ci  ne 
s'ampliflent  pas  in  telle  sorte  qu'elles  alent  des  consiquences  nifastes,  soit  sur  l'intigriti  du  moteur,  en 
particuller  de  sa  protection  thermique,  soit  sur  le  fonctionnement  des  prises  d'alr,  soit  sur  le 
comportement  des  iquipementa. 

Enfln,  l'aculti  de  ces  probl8mes  n'apparait  parfols  qu'au  cours  d'un  diveioppement,  e’est  3  dire 
lorsaue  le  moteur  est  teat£  dans  toutes  sea  conditions  de  fonctionnement  nnCrarinnnel .  c«r  lea  narhodea  de 

i  ,  i 
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A  tier*  d'tuaplt,  avec  les  valeurs  nunirlques, 

a  *  750  nS'1  D  -  0,40  a  l(  >  1,20  a  l}  •  1,10  a 

laa  frequences  des  prlnclpaux  aodea  sont  alora  : 

(  ler  aode  longitudinal  fchambre  aeule)  :  F  -  340  Hz 
"Basses”  frequences!  ler  aode  longitudinal  (chaabre  +  prlaea  d'alr)  : 

(  r  -  160  Hz 

(  lev  aode  tangential  F  *  1100  Hz 

"Kautes”  frequences!  21  aode  tangential  F  *  1820  Hz 

(  ler  aode  radial  F  ■  2290  Hz 

5.3.2.  ?r lglne _et _rea#des 

Coaae  la  plupart  des  phinomdnea  lnatatlonnalres ,  les  Instability  de  combustion  des 
statoriacteurs  font  appel  A  dea  phinonAnes  physiques  complexes.  Blen  que  des  trav&ux  approfondls  alent 
6t6  entreprls  depuls  dlx  ana,  en  partlculler  aux  Etats  Unis  et  en  France,  11a  reatent  encore  mal 
ilucidis • 

Les  Instability*  de  coabuatlon  peuvent  8 1 re  engendriee  par  dlffirents  micanlsmes  aglssant  comae 
source  axcltatrlce  et  qul  peuvent  Itre  aapllfiia  par  apport  d'inergle  116  A  la  combustion  et  coupl6 
avec  les  aodes  acoustlques  du  moteur.  SI  cea  demiers  peuvent  itre  asset  facllement  ldentlfiis,  11  n'en 
est  pas  de  aloe  pour  les  niian;  saes  d'excltatlon  et  d 'aapllflcatlon  :  ditachement  pirlodlque  dea 
tourblllons  de  Von  KfmAu  exist  ant  dana  lea  prises  d'alr  et  A  l’entrie  de  la  chambre,  dletorslons 
lnstables  dans  le  dtffuaeur  t'ea  prlaea  d'alr,  et  aurtout  comportement  dynamlque  dea  zones  de 
recirculation. 

La  coaplexltf  de  cev  phinoaine*  rend  difficile  le  travail  du  sclentlflque  qul  cherche  A 
comprendre  et  A  privolr  lea  In* cablllti* ,  ...  aala  11  favorlae  la  aultlpilclti  uea  resides  que 
l'lnginleur  peut  apporter  expirlaentaleaent. 

Alnal,  quelquea  axeaplea  concreta  peuvent  lllustrer  l'efflcaclti  de  ces  resides  : 

ler  example  t  l'lnjectlon  d'alr  aux  aomaeta  d'un  accroche-f lease  peraet  de  repousser  la  valeur  de  la 
rlcheea*  Unite  pour  laquelle  les  Instability  de  haute  friquence  !ou  "screech")  apparalssent  !r6f  8).  F.n 
effet,  cette  Injection  d'alr  perturb*  la  couch*  claalllii-  oil  ae  foraent  lea  tourblllons  qul  se  ditschent 
de  1 ’accroche-f lean* ,  ph6r.oaine  air&dynaalque  pirlodlque  qul,  dana  ce  cas,  italt  la  cause  des 
inatcbllltis  ( Fig.  19). 


/  >  s  /  '  1  /  s  >  }  f  S  /  /  /  }  /  /  s  /  /  /  / /m? 

InjMClton  dstr  mum 
MccrochM  -fiMmmM 


Fig.  19  x  Variation  de  la  richesae  iimite  d’ ap¬ 
parition  dea  instability  en  fonction 
du  debit  d'air  inject^  (ref.  8) 


2*ae  exeaple  I  la  aanlAre  dont  1*  combustible  eat  lnjecti,  vaporlsi  et  carbure  les  dlffirentes  zones  de 
la  chaabre  d*  combustion,  a  un  rSl*  tri*  Important .  Alnsl  la  figure  20  aontr*  que  sulvant  le  dibit  de 
cheque  lnjecteur,  on  peut  fairs  apparattra  ou  dlaparattra  dea  lnatabllltia  de  haute  friquence. 

L’sxpllcatlon  physique  d*  cea  phincaAnea  est  un  problia*  difficile  at  controversi,  blen  que  tris 
itudli  t  11  aeabla  qu'en  aglssant  aur  l'lnjectlon,  on  isodlfie  la  coabuatlon  dana  lea  zonea  de 
recirculation,  principal**  sources  d'inergi*  acoustlqu*  (rif  9  at  10). 


Fig.  20  :  Apparition  d'instabilites  de  corrfcustion  en 
fonction  de  la  repartition  du  debit  d1 in¬ 
jection 


3dmc  exemple  !  d'autres  remddes  peuvent  agir,  non  pas  en  supprimant  la  cause  des  lnstabllltes ,  mats  en 
modlfiant  la  structure  spatlale  du  champ  de  presslon  et  les  frequences.  C'est  le  cas  des  clolsons 
longltudlnales  dlsposdes  i  la  parol  de  la  chambre  (Fig.  21)  et  qul  sont  susceptlbles  d'amortlr  certains 
■odes  de  vibration  (modes  tangentlels)-r6f  9.  Ce  remade  est  d'allleurs  blen  connu  des  utllisateurs  de 
■oteurs  fusees  3  ergols  llquldes  et  d  propergol  sollde. 


5.3.3.  9uel^ues_r| se rve s 


II  est  inddnlable  que,  dans  le  cas  de  missions  de  longue  dur£et  le  probldme  du  risque 
d'apparltlon  d'instabilites  de  combustion  dolt  Stre  serieusement  pris  en  compte.  C'est  une  etape 
lmportante  dans  un  developpement. 


Toutefols,  quelques  reserves  dolvent  Inciter  d  la  prudence  le  responsable  d'un  programme  : 

•)  11  n'y  a  pas,  d  priori,  de  configuration  "miracle"  perraettant  d  coup  s3r  de  s'affranchlr  de  ces 

dlfflcultda.  Dos  dchanges  franco-americalns  falts  en  1382  sur  des  geometries  trds  diverses  (une,  deux, 
trols  et  quatre  entrees  d'alr)  l'ont  montre. 
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moteur  4  4  entries  d'alr  alimentE  avec  du  kEroaSne,  un  combustible  liquids  dense,  du  propane  4  50*C  et 
du  gas  lasu  d’un  gEnErateur  de  gas  (700*C)  :  dans  ces  quatre  caa,  on  a  pu  conataier  senslblesent  le 
mEme  type  d'lnatubllltE,  avec  des  nlveaux  Equivalents.  Comme  le  montre  la  figure  22,  ces 
InstabllltEs  peuvent  parfols  avoir  des  consequences  catastropblques  t 

6  -  INSTALLATIONS  D'ESSAIS  ET  PRINCIPLES  ETAPES  D'UN  DEVELOPPEMENT 


Comme  pour  tout  propulseur,  l'Elaboration  d'un  raoteur  I  statorEacteur  passe  par  des  phases 
successlves,  de  mlse  au  point  dEtaillEe,  pula  de  recette  dans  toutes  les  conditions  du  vol,  qul 
nEcessitent  des  travaux  expErlsentaux  lmportants. 

De  la  mEme  faqon  que  pour  lea  avlons,  la  tendance  actuelle  conslste  1  qualifier  le  missile  au 
sol,  dans  un  envlronnement  le  plus  rEallste  possible,  afln  d 'entreprendre  les  essals  en  vol,  toujours 
tris  onEreux,  avec  une  forte  probabllltE  de  succEs. 

C'est  pourquol  In  France  s'eat  EqulpEe  depuls  dlx  ans  d 'Installations  modemes  blen  adaptEes  4 
ces  dEveloppements,  4  savolr  : 

*  Centre  d'essals  de  l’ONERA  4  Palalseau  et  a  Modane  pour  les  essals  en  condulte  forcEe  et  en  Jet 
semi-llbre  de  statorEacteur  4  combustible  liqulde  ou  de  statofusEe  (Fig.  23).  On  y  tralte  des 
recherches,  des  dEveloppements  exploratolres  et  des  dEveloppements  opEratlonnels  avec  simulation  de 
toutes  les  conditions  de  vol  (vltesse,  altitude,  tempErature,  condltlonnement  du  combustible. 
Incidence,  Echauffement  clnEtlque,  etc...)  (rEf  11). 

*  Installations  de  1 ' AErospatlale  (Bourges  Le  Subdray).  De  crEatlon  plus  rScente,  ce  centre  a  des 
capacltEs  volslnes  de  ceux  de  l'ONERA.  Blen  EqulpE  pour  les  problEmes  de  sEcurltE,  11  est  plutSt  axE 
vers  les  essals  de  qualification  lndustrlelle  et  de  recette  (rEf  6). 

*  Centre  d'essals  des  propulaeurs  4  Saclay.  Cette  Installation  trEs  pulssante  permet  des  essals  en  Jet 
llbre  d’un  missile  complet  (simulation  de  haute  altitude). 


Fig.  23  :  Essai  d' in  statorEacteur  avec  accelirateur 
IntEgrE  en  soufflerie  (ONEKA/MDdane) 


dElal  de  dEveloppement  d'un  missile  opEratlonnel  4  statorEacteur  n'est  pas  supErleur  4  celul 
type  de  missile  (4  propulseur  fusEe  ou  4  turborEacteur).  A  tltre  d'exemple,  void  le 
de  dEveloppement  d'un  missile  franqals  de  ce  type  : 

t  Lancement  du  programme 

l  DEbut  de  la  mlse  au  point  du  moteur 

:  let  essai  en  vol  depuls  une  rampe  terrestre 
(sans  accElErateur  IntEgrE) 

s  ler  essai  au  banc  du  systEme  propulslf  complet 

t  ler  essai  en  vol  depuls  avion 

i  Mlse  en  service  opEratlonnel. 

Four  un  tel  programme  (domalnc  de  vol  Etendu),  les  prlnclpales  qualltEs  demandEes  aux 
Installations  sont  la  dlsponlbllltE  et  la  flabllltE  .  A  tltre  lndlcatlf ,  pour  mettre  au  point  le 
statorEateur  et  le  qualifier  avec  ses  Equlpements  dans  toutes  les  conditions  de  vol,  11  faudra  600 
rafales  par  an  pendant  7  ans  (901  des  rafales  durent  environ  30  secondes  et  101  ont  une  durEe 
supErleure)  et  l'utlllsatlon  d 'environ  80  tonnes  de  combustible  liqulde.  Un  dEveloppement  analogue  avec 
un  statofusEe  4  aEnErateur  aEoarE  devrait  Etra  nettement  olus  lourd  (malsrE  des  performances  moins 


Le 

d'un  autre 
calendrler 

to 

to  +  1  an 
to  +  2  ans 

to  +  3  ans 
to  +  5  ant 
to  +  6  ana 
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7  -  CONCLUSION  ;  L' AVENIR  DBS  STATOREACTEURS  A  COMBUSTIBLE  LIQUIDE 
» 

La  progression  de  1 'efficacite  dea  defenses  adverses  et  le  soucl  de  malntenlr  la  plate-forme  de 
lancement  3  une  bonne  distance  de  sdcurlte  de  sa  clble,  lalaaent  3  penser  que  le  statordacteur  3 
combustible  ilqulde  a  un  avenlr  assure  (Fig.  24).  Hals  le  spdclallste  salt  tris  blen  que  ce  n'eat  pas  une 
•acliine  aussl  simple  que  le  lalsserait  suppoaer  son  schema  de  prlnclpe  !  C'eat  pourquol  son  utilisation 
restera  tournee  vers  d'a  missiles  3  hautes  performances  et  done  relatlvement  complexes. 


Fig.  24  :  Missile  Air-Sol  sous  Mirage 
2000 


II  faut  noter  que  ces  techniques  et  technologies  sont  de  mleux  en  mleux  mattrlsSes  par  les 
lndustrlels  :  par  example,  en  France,  1* Aerospatiale  qui  a  fait  d'lmportants  efforts  lntellectuels  et 
financiers  3  1 'occasion  du  d&veloppement  du  missile  ASMF,  blentSt  opSratlonnel ,  dispose  de  nombreux 
stouts  pour  entreprendre  avec  le  minimum  de  risques  la  realisation  des  missiles  future  de  ce  type. 

Or  cette  experience  acqulse  semble  lndlquer  que  ce  mode  de  propulsion  n'a  pas  encore  donnf  toutea 
ses  posslbllltds.  C'est  poui  .  lol  des  recherches  et  dtudea  sont  menfes  pour  mleux  rSpondre  aux  exigences 
du  futur. 

Alnsl  d'lcl  la  fin  du  slide,  on  verra  apparaftre  des  ameliorations  des  techniques  et 
technologies  d£crltes  dans  le  present  document.  Farm!  celles-cl  : 


*  nouveaux  combustibles  de  plus  en  plus  Cnergetlques , 

*  amelioration  de  l'endurance  des  moteurs  et  dea  chambrea  de  combustion  (structures,  protections 
thermloues,  aystdmes  de  refroldlssement), 

*  mise  au  point  de  modules  permettant  de  mleux  pr6volr  le  fonctlonnement  des  chambres  de  combustion,  en 
regime  atationnalre  et  lnstatlonnalre,  et  alnsl  de  redulre  le  nombre  des  essals  au  banc, 

*  amelioration  des  performances  et  de  la  precision  des  systSmes  de  regulation,  compte  tenu  des  progrSs 
des  calculateurs  et  des  senseurs. 

*  geometrle  variable  des  entrees  d'alr  et  eventuellement  de  la  tuySre  de  sortie. 

La  figure  25  llluatre  ces  variations  geometriques ,  en  prenant  pour  exemple  un  missile  capable  d'une 
crolsiire  3  Mach  4  3  haute  altitude.  Pour  accdlSrer  franchement  et  alnsl  redulre  la  durde  de  la 
montee,  le  rapport  des  sections  44  dolt  6tre  grand  ;  mala  c'est  exactement  l'lnverse  qui  est 
necessalre  pour  redulre  la  consoffiontlon  en  crolslSre.  L'optlmlsatlon  des  performances  conduit  alora 
3  utlllser  des  entrees  d'alr  et  un  col  variables,  ce  qui  correspond  3  une  technologie  sophlstlquee 
et  coSteuse.  C'est  pourquol  des  solutions  intermedlalres,  telles  que  la  variation  de  section  des 
entrees  d'alr  seules,  meritent  d'etre  etudiees. 


r* 


•4  , 
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fee 
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Blen  sQr,  un  changement  tr£s  important  dea  techniquea  et  technologies  d£crltes  dans  le  present 
document  se  produlralt  avec  I'utiliaatlon  de  la  combustion  supersonique  pour  propulser  les  missiles  d  des 
vltesses  hypersoniques  (mach  6  et  plus).  Mais  ce  su.let,  passionnant,  est  traitS  par  allleurs  (F.  BILLIG). 
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SPECIAL  PROBLEMS  OF  RAMJET  WITH  SOLID  FUEL 
by 

T  D  Myers 

United  Technologies/Chemical  Systems  Division 
P.O.  Box  S0015 

San  Jose,  California  95150-0015 
SUMMARY 

Ramjet  propulsion  systems  that  use  a  solid  fuel  have  been  of  interest  to  missile 
design  engineers  since  the  1930's.  The  operational  simplicity  of  the  solid  fuel  ramjet 
is  of  great  interest  since  it  does  not  require  fuel  tanks,  fuel  pumping  devices  or  fuel 
controls  to  operate.  The  potential  for  a  highly  reliable  and  storable  ramjet  propulsion 
system  exists  at  a  cost  only  slightly  higher  than  a  solid  rocket  motor.  The  solid  fuel 
ramjet  can  provide  specific  impulse  in  the  900  -  1000  second  range,  resulting  in  typical¬ 
ly  a  200  -  400  percent  range  increase  over  a  comparable  size  and  weight  solid  rocket 
motor. 

The  "self-throttling"  characteristics  of  the  solid  fuel  ramjet  permits  high  perfor¬ 
mance  operation  from  sea  level  to  high  altitude  conditions.  Thus,  early  beliefs  that  the 
solid  fuel  ramjet  would  only  be  used  for  constant  altitude  and  speed  missions  have  proved 
to  be  erroneous  as  a  greater  understanding  of  the  solid  fuel  ramjet  engine  operation  was 
developed . 

Another  unanticipated  benefit  of  the  solid  fuel  ramjet  engine  that  evolved  during  10 
vears  of  development  tests  at  the  Chemical  Systems  Division  was  the  high  degree  of  com- 
oustion  stability  experienced  with  a  wide  variety  of  comDustion  types  and  sizes.  The 
basic  diffusion-controlled  solid  fuel  ramjet  combustion  process  results  in  a  distributed 
energy  release  throughout  the  combustion.  This  uniform  energy  release  in  the  solid  fuel 
ramjet  engine  is  believed  to  be  the  basic  reason  why  no  combustion  instability  problems 
have  been  encountered  in  over  2500  combustion  test  firings  with  many  different  combustion 
configurations . 

Given  all  of  these  attributes  of  the  solid  fuel  ramjet  it  is  interesting  to  consider 
why  the  solid  fuel  ramjet  engine  has  not  yet  been  selected  for  an  operational  missile. 

The  probable  reason  is  a  lack  of  understanding  of  the  special  problems  of  ramjets  with 
solid  fuel  that  cause  the  potential  missile  developer  to  have  concerns  about  its  satis¬ 
factory  operation  over  a  full  flight  envelope  and  with  the  "off-design"  effects  that 
result  from  environmental  conditions  and  manufacturing  tolerances.  Unfortunately,  the 
basic  operational  simplicity  of  the  solid  fuel  ramjet  conversely  requires  a  ve’atively 
complex  analysis  to  select  a  grain  design  for  a  given  set  of  mission  requirements. 

The  special  problems  that  are  associated  with  ramjets  using  a  solid  fuel  include: 

•  Selection  of  a  fuel  type 

•  Flameholding  requirements  that  limit  maximum  fuel  leading 

•  Fuel  regression  rate  behavior  as  a  function  of  flight  speed  and  altitude 

•  Diffusion  controlled  combustion  process  that  requires  special  mixing  section 

•  Inlet/combustor  matching. 

Considerable  insight  has  been  acquired  with  these  special  solid  fuel  ramjet  design 
problems  over  the  past  15  years.  Over  2500  ground  test  firings  have  been  successfully 
conducted  that  have  included  direct  connect,  semi-freejet  and  freejet  tests.  Moreover, 
in  the  last  few  years  several  hundred  experimental  flight  tests  have  been  successfully 
conducted  that  confirm  the  operational  flight  characteristics  of  the  solid  fuel  ramjet. 

In  this  lecture  we  will  briefly  examine  each  of  these  special  design  problems  associated 
with  the  solid  fuel  ramjet. 

SOLID  FUEL  RAMJET  TYPES 

Two  types  of  solid  fuel  ramjet  engines  have  evolved  in  the  course  of  recent  develop¬ 
ment  testing.  These  two  basic  types  are  shown  in  figure  1.  The  top  schematic  shows  the 
non-bypass  combustor  type  with  a  special  vane  mixing  device  installed  aft  of  the  solid 
fuel  grain.  In  this  solid  fuel  engine  all  of  the  inlet  air  flows  through  the  solid  fuel 
grain.  The  lower  schematic  shows  a  bypass  combustor  where  a  fraction  of  the  inlet  air 
is  bypassed  to  the  aft  mixing  section  where  combustion  of  the  fuel-rich  combustion  gases 
from  the  fuel  grain  section  is  completed.  Bypass  air  ratios  from  251  to  801  are  typi¬ 
cally  used  to  match  a  specific  set  of  mission  requirements. 

Both  of  these  solid  fuel  ramjet  combustor  types  can  be  used  with  single  or  multiple 
inlets,  using  an  air  mixing  manifold  to  provide  a  uniform  air  flow  to  the  combustor. 

Because  of  the  special  operating  featu  es  of  the  solid  fuel  ramjet,  additional 
station  locations  have  been  added  to  the  standard  ramjet  stations  as  shown  in  figure  2. 
These  special  solid  fuel  ramjet  engine  station  designations  include: 

•  2a  -  entrance  to  inlet  air  manifold 

•  2b  -  entrance  to  air  flow  injector 
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These  special  station  designations  are  used  to  help  analyze  the  solid  fuel  ramjet  engine 
combustion  efficiency  and  pressure  losses. 

There  are  a  wide  variety  of  solid  fuel  binder  materials  that  have  been  investigated 
to  date.  Depending  on  the  mission  requirements,  the  best  gravimetric  or  volumetric  heat 
release  fuel  binder  can  be  selected.  One  of  the  best  performing  solid  fuels  developed 
to  date  consists  of  a  blend  of  PB  and  polystyrene,  providing  high  gravimetric  heat  release, 
good  mechanical  properties,  good  regression  characteristics,  and  high  combustion  efficiency 
over  a  wide  range  of  conditions. 

It  is  possible  to  increase  both  the  gravimetric  heat  release  and  the  volumetric  heat 
release  of  the  solid  fuels  by  use  of  metal  additives.  The  boron  family  of  metal  additives 
offer  the  highest  potential  increases  in  both  gravimetric  heat  release  and  volumetric 
heat  release.  Aluminum,  boron  and  boron  carbide  are  all  attractive  additives  for  solid 
fuels. 

With  the  solid  fuel  ramjet  casting  the  metal  fuel  dir^-tly  in  the  combustor  case 
eliminates  the  difficult  problem  associated  with  storing,  pumping,  and  injecting  liquid 
slurry  fuels.  Attaining  high  combustion  efficiency  with  the  boron  fuels,  however,  presents 
a  challenging  design  problem. 


SOLID  FUEL  REGRESSION  RATE 

The  fuel  flow  rate  in  the  solid  fuel  ramjet  engine  is  a  function  of  the  surface 
rrea  of  the  grain,  the  regression  rate  of  the  particular  solid  fuel  formulation,  and  the 
flight  speed  and  altitude  of  the  missile.  Basically,  heat  from  the  combustion  gases  cause 
the  temperature  of  the  fuel  grain  to  increase  to  a  point  where  the  fuel  is  vaporized.  The 
hot,  vaporized  fuel  then  diffuses  in  the  boundary  layer  until  a  combustible  mixture  of 
oxygen  from  the  air  stream  is  established.  A  diffusion  flame  within  the  boundary  layer  is 
established  aM  steady  state  combustion  is  released. 

The  basic  model  of  the  regression  rate  for  solid  fuels  is  shown  in  figure  3  .  The 
solid  fuel  grain  is  heated  by  convective  and  radiative  heat  transfer  from  the  diffusion 
flame.  The  vaporized  fuel  diffuses  from  the  grain  surface  into  the  boundary  layer.  The 
convective  heat  transfer  component  is  dependent  on  the  air  mass  flux  through  the  fuel 
grain  port,  the  air  temperature,  and  air  pressure.  Thus  at  low  altitude  where  the  air 
mass  flux  is  high,  a  large  convective  heat  transfer  takes  place,  causing  a  high  fuel  re¬ 
gression  rate.  Conversely,  at  high  altitudes  the  air  mass  flux  is  low  and  the  solid  fuel 
regression  rate  is  lower.  While  the  resulting  fuel-to-air  ratio  is  not  perfect,  this 
self -throttl ing  feature  of  the  solid  fuel  permits  good  performance  over  a  wide  range  of 
altitudes  and  flight  speeds. 

The  radiative  heat  transfer  function  is  typically  lower  than  the  convective  heat 
transfer,  but  is  significant.  Radiation  from  carbon  particles,  water  vapor,  and  carbon 
monoxide  from  the  combustion  products  are  the  primary  contributors  to  the  radiative  heat 
flux. 


An  approximate  expression  for  the  convective  heat  transfer  function  is  shown  in 
figure  3  where: 
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The  strong  dependence  of  convective  heat  flux  to  the  fuel  port  mass  flux  (G)  is  the  major 
contributor  to  the  self-throttling  characteristic  of  the  solid  fuel  ramjet. 

The  resulting  solid  fuel  regression  rate  is  basically  then  a  balance  between  the  heat 
transfer  to  the  solid  fuel  grain  and  the  heat  required  to  vaporize  the  fuel: 
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yhere : 


G  -  fuel  port  mass  flux 


AQ  •  heat  of  combustion 

hy  ■  fue:.  heat  of  vaporization 

P£  «  fuel  density 


A  typical  effect  of  flight  altitude  on  the  fuel  flow  in  a  solid  fuel  ramjet  engine  is 
shown  in  figure  4.  Here  the  resulting  equivalence  ratio  (4)  that  occurs  as  a  function  of 
flight  altitude  at  a  constant  speed  climb  is  shown.  The  inlet  air  flow  rate  drops  and 
the  air  temperature  increases  as  the  missile  climbs.  The  equivalence  ratio  varies  from 
a  *  *  0.95  at  30K  ft.  to  4  ■  1.15  at  40K  ft.  While  the  fuel  flow  is  still  higher  than 
desired  at  high  altitude,  the  "self-throttling"  characteristic  of  the  solid  fuel  ramjet 
reduced  the  fuel  flow  rate  to  a  sufficiently  low  value  that  a  significant  range  was 
achieved. 


The  relative  effect  of  port  size  and  axial  position  on  fuel  regression  rate  is  seen 
in  figure  5.  In  this  figure  the  relative  fuel  regression  rate  along  the  length  of  the 
grain  is  plotted  for  a  2. 5- in. -diameter  motor.  The  experimental  values  were  then  com¬ 
pared  to  theoretical  regression  rate,  with  and  without  considering  air  acceleration 
effects.  The  experimental  data  fell  approximately  eauallv  between  the  theoretically 
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2S00  tests  with  engine  sizes,  ranging  from  2.S  in.  to  10- in. -diameter. 

SOLID  FUEL  RAMJET  FLAMEHOLDING/ COMBUSTION  EFFICIENCY 

The  solid  fuel  ramjet  engine  uses  a  rearward  facing  step  to  produce  a  recirculation 
zone  that  forms  the  basic  flame  stabilization  region.  This  flame  stabilization  region 
is  depicted  in  figure  6.  A  critical  step  height,  h,  is  required  for  combustion  to  occur 
in  a  solid  fuel  ramjet  engine.  The  required  value  of  the  step  height  is  a  function  of 
the  inlet  air  mass  flow  and  temperature.  Each  particular  solid  fuel  formulation  requires 
a  minimum  step  height  for  sustained  combustion  to  occur.  The  importance  of  the  minimum 
step  height  limitation  ultimately  limits  the  maximum  fuel  grain  loading  and  thus  range 
in  a  solid  fuel  ramjet  engine.  Thus  it  is  highly  desirable  to  minimize  the  required 
step  height. 

Studies  at  CSD  have  shown  that  combustion  in  the  SFRJ  is  governed  by  the  degree  of 
mixing  between  the  fuel  and  air.  Within  the  combustion  boundary  layer  along  the  grain, 
the  mixing  rate  is  controlled  by  turbulent  diffusion  and  there  exists  a  natural  degrte  of 
separation  between  the  fuel  and  air.  Calculations  of  mixing  within  the  fuel  port  based 
on  turbulent  boundary  layer  theory  showed  that  only  about  Sol  of  the  fuel  had  mixed  and 
burned  at  the  chamber  exit  plane.  The  calculations  indicated  the  importance  of  additional 
mixing  aft  of  the  grain  and  are  in  general  agreement  with  combustion  efficiencies 
observed  in  motors  with  low  L/D  mixers. 

Analysis  showed  that  the  parameters  controlling  combustion  efficiency  are  the  mixer 
L/D,  equivalence  ratio,  and  port-to-injector  area  ratio.  Equivalence  ratio  is  important 
because  it  determines  the  relative  thickness  of  the  fuel-rich  layer  which  must  be  mixed; 
and  port-to-injector  area  ratio  controls  the  turbulence  level  introduced  at  the  injector, 
thereby  influencing  mixing  throughout  the  combustor.  Correlations  of  combustion  efficiency 
in  terms  of  these  three  parameters  has  been  successful. 

Early  attempts  to  evaluate  SFRJ  combustion  efficiency  at  low  pressure  indicated  that 
a  reduction  in  efficiency  could  be  expected  at  pressures  below  25  psia.  This  conclusion 
was  based  on  seven  tests  at  pressures  from  7.5  to  16.4  psia.  More  recently,  CSD  has 
conducted  a  series  of  13  tests  at  pressures  ranging  from  7.6  to  35  psia  and  found  that 
combustion  efficiency  does  not  degrade  at  pressures  down  to  12  psia.  At  pressures  below 
12  psia,  some  of  the  individual  test  points  indicate  a  lower  combustion  efficiency. 

The  combustion  efficiency  of  the  solid  fuel  ramjet  engine  has  been  correlated  for 
both  circular  and  spoked  type  grains,  ranging  from  2 . S-in. -diameter  to  10-in. -diameter. 

The  correlating  factor,  designated  burned  factor  (BF)  correlates  the  combustion  efficiency 
as  a  function  of  the  equivalence  ratio  (4) ,  L/D  of  the  engine,  and  fuel  port-to-air 
injector  (A3/A1)  ratio.  Good  agreement  between  combustion  efficiencies  predicted  by 
the  burner  factor  (B F)  and  a  large  number  of  combustion  test  firings  and  configurations 
has  been  found. 

The  effect  of  combustor  size  on  combustion  efficiency  has  been  studied.  The  highest 
efficiencies  are  achieved  with  the  smaller  2. 5-in. -diameter  combustors  with  decreasing 
efficiency  levels  at  the  higher  motor  diameters.  The  combustion  efficiency  increases 
from  approximately  701  for  a  $  *  1  to  a  value  of  approximately  851  for  a  value  of  t  *  0.5. 
This  trend  is  typical  for  all  motor  sizes  and  is  probably  due  to  mixing  limitations  since 
perfect  mixing  becomes  more  important  as  4  approaches  a  valje  of  ... 

Thus  combustor  designs  and  devices  that  promote  mixing  tend  to  improve  combustion 
efficiency  in  the  solid  fuel  ramjet.  In  nonbypass  combustors  the  use  of  special  vaned 
mixers  at  the  aft  end  of  the  solid  fuel  grain  are  effective  in  increasing  overall  engine 
performance.  In  the  bypass  combustor  radial  injection  of  the  bypass  air  in  the  secondary 
combustor  promotes  improved  mixing  and  thus  increases  combustion  efficiency. 

SOLID  FUEL  RAMJET  INLET-COMBUSTOR  MATCHING 

Matching  the  inlet  and  combustor  in  a  solid  fuel  ramjet  engine  requires  special 
attention  since  not  only  inlet/combustor  pressure  matching  must  be  analyzed  but  inlet 
flow  distortion  effects  could  potentially  result  in  nonuniform  fuel  regression.  To  study 
these  effects  the  inlet-combustor  simulator  shown  in  figure  7  was  fabricated.  The 
objective  was  to  establish  a  baseline  engine  performance  base  for  a  well-stirred 
combustor.  The  design  permitted  installation  of  turbulence  screens  at  the  inlet-com¬ 
bustor  dump  to  also  evaluate  the  potential  effect  of  local  turbulence  on  the  SFRJ 
combustor  performance.  Having  established  the  baseline  SFRJ  performance,  test  firings 
were  conducted  with:  (1)  a  single  side-mounted  inlet  dumping  into  the  plenum  chamber, 

(2)  dual  side-mounted  inlets  at  180°  dumping  into  the  plenum  chamber,  (3)  the  single 
side-mounted  inlet  in  combination  with  a  special  tube-in-hole  injector  in  the  dump  plane 
and  (4)  a  screen  at  the  inlet  dump  to  increase  the  turbulence  level.  The  effects  of  the 
various  inlet-combustor  combinations  on  SFRJ  operating  limits  are  shown  in  figure  8. 

The  single  inlet  required  a  much  larger  forward  dump  area  and  lower  combustor  Mach  number 
that  would  limit  maximum  range  and  engine  thrust,  respectively.  The  dual  inlet  results 
showed  that  only  small  maximum  range  and  thrust  penalties  would  result.  Incorporation 
of  the  tube-in-hole  air  injector  reduced  the  effect  of  the  single  inlet  on  performance, 
resulting  in  only  a  small  range  and  thrust  degradation.  The  effect  of  increasing 
turbulence  level  on  fuel  regression  characteristics  was  also  very  small,  causing  a 
minor  change  in  the  flameholding  limits. 
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The  results  of  these  tests  showed  that  with  careful  design  of  the  inlet  air  dump  to 
the  combustor,  using  devices  such  as  the  tube-in-hole  injector  that  satisfactory  inlet- 
combustor  matching  was  possible.  Thus  the  inlet  could  be  designed  to  best  fit  the  missile 
envelope  and  performance  requirements. 

The  pressure  loss  characteristics  of  various  inlet  air  injectors  is  in  figure  9, 
using  the  dual  inlet  configuration  as  a  baseline.  Total  pressure  ratio  through  the  inlet- 
combustor  section  is  plotted  as  a  function  of  the  inlet  dump  Mach  number.  The  tube-in- 
hole  injector  shown  schematically  in  the  left  hand  figure  has  the  smallest  pressure  loss 
of  all  the  types  tested.  Over  the  typical  range  of  inlet  dump  Mach  numbers  between  0.2 
and  0.3  the  tube-in-hole  injector  provides  inlet  total  pressure  ratios  in  excess  of 
901.  Fortunately,  the  device  that  proved  besc  for  uniform  fuel  regression  in  the  solid 
fuel  ramjet  also  provides  the  lowest  pressure  loss,  superior  even  to  a  straight  orifice. 

It  is  generally  desirable  to  design  the  ramjet  engine  so  that  the  inlet  is  operating 
with  a  small  supercritical  pressure  margin  to  ensure  stable  inlet  operation  and  avoid 
inlet  air  spillage  drag  losses.  The  liquid  fuel  ramjet  engine  can  operate  with  a  very 
close  supercritical  margin  control  (3-51}  by  varying  the  fuel  flow  rate  around  a  closed 
loop  inlet  pressure  controller.  The  SFRJ,  however,  has  a  fixed  grain  geometry  and  the 
fuel  flow  rate  isdetermined  uniquely  by  the  missile  flight  conditions,  i.e.,  altitude, 
speed,  and  angle  of  attack.  Therefore,  the  SFRJ  must  use  either  a  higher  supercritical 
inlet  margin  and/or  select  an  inlet  design  that  will  operate  stablv  at  inlet  subcritical 
flow  conditions.  Both  of  these  choices  result  in  some  range  penalty.  The  repeatability 
of  both  the  SFRJ  fuel  regression  late  and  combustion  efficiency  determine  the  required 
inlet  matching  condition.  Based  on  current  state-of-the  art  it  is  recommended  to  either 
design  the  solid  fuel  ramjet  engine  with  a  101  supercritical  inlet  margin  or  use  an  inlet 
with  a  stable  subcritical  operating  capability. 

The  bypass  SFRJ  combustor  presents  a  special  problem  for  matching  the  inlet  to  the 
combustor.  This  occurs  because  either  separate  inlets  or  a  diffuser  bleed  system  is 
used  to  introduce  the  inlet  air  both  upstream  and  downstream  of  the  SFRJ  fuel  grain.  The 
inlet  pressure  upstream  of  fuel  grain  is  higher  than  the  downstream  pressure  since  the 
dump  loss  and  Rayleigh  heat  addition  pressure  loss  occurs  in  the  primary  combustor 
section.  Thus  special  attention  must  be  given  to  match  both  the  forward  and  aft  inlets 
to  avoid  coupling  as  well  as  to  match  the  inlet  air  pressure  with  the  SFRJ  primary  and 
secondary  combustor  sections. 

A  typical  solution  to  the  forward  and  aft  inlet  design  matching  is  as  follows. 

In  this  application  the  forward  inlet  used  more  inlet  flow  turning  compared  to  the  aft 
inlet  to  achieve  the  desired  pressure  match.  The  forward  inlet  in  this  manner  provided 
a  higher  pressure  recoveiy  to  compensate  for  the  higher  dump  and  Rayleigh  losses  that 
occurred  in  the  fuel  grain  sections.  There  was  no  flow  coupling  between  the  inlets  in 
any  of  the  installed  inlet  wind  tunnel  or  freejet  tests  of  the  solid  fuel  ramjet  engine. 

CONCLUSIONS 

The  functional  simplicity  of  the  solid  fuel  ramjet  combined  with  high  performance 
makes  this  engine  type  quite  attractive  for  many  future  tactical  missions.  Conversely, 
the  complexity  of  the  analysis  of  the  fuel  regression  behavior,  combustion  efficiency, 
and  inlet -combustion  matching  has  caused  vehicle  designers  concern  over  the  ability 
of  the  solid  fuel  ramjet  to  be  able  to  operate  satisfactorily  at  all  the  off  design 
conditions  required  of  a  tactical  missile  propulsion  system. 

A  large  engineering  data  base  has  been  developed  for  the  solid  fuel  ramjet  over  the 
past  IS  years  that  provides  answers  to  all  of  the  special  design  problems  of  the  solid 
fuel  ramjet.  This  technology  base  includes  over  2500  ground  test  firings  as  w.-ll  as 
several  hundred  successful  flight  tests.  This  broad  technology  base  provides  confirmed 
solutions  to  the  special  design  problems  of  the  solid  fuel  ramjet. 
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Qrtd  =  radiative  heat  transfer 
G  =  fuel  port  mass  flux 
Tt  =  air  temperature 
D  as  port  diameter 
a  =  constant  of  proportionality 
P  =  combustor  pressure 
T,  =  flame  temperature 
6  =  combustion  zone  thickness 


Figure  3.  Regression  Rate  Hodel  for  SFRJ  Fuel 
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Figure  4.  Effect  of  Flight  on  Fuel  Flow 
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Figure  S.  Regression  Rate  Distribution  In  2  1/2- In . -Diameter  Motor 
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Photograph  of  two-dimensional  Plexiglas  combustion 

Figure  6.  Flew  Field  in  the  Flame  Stabilization  Region 
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Figure  7.  Inlet-Combustor  Simulator 
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SUMMARY 

The  solid  propellant  ramrocket  (SPR)  Is  very  suitable  for  military  applications  because  of  Its  high  values 
uf  performance  and  reliability.  The  capability  of  fuel  flow  modulation,  however,  is  a  precondition  for 
various  applications.  The  subject  of  bum  rate  modulation  has  been  Intensively  Investigated  for  SPR  prop¬ 
ellants  and  presently  can  be  considered  to  be  state  of  the  art. 

The  lecture  Introduces  basic  design  principles  of  the  SPR.  The  main  components  of  the  SPR  propulsion  system 
as  propellant,  fuel  flow  control,  control  valve  and  ram-combustor  are  discussed  in  detail. 

Finally  the  lecture  reviews  the  present  state  of  technology  and  dicusses  possible  future  applications  for 
the  SPR. 
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1.  INTRODUCTION 

The  solid  propellant  ramrocket  (SPR),  also  kntavn  as  ducted  rocket.  Is  an  airbreathing  propulsion  system 
which  belongs  to  the  family  of  ramjets.  The  origins  of  the  SPR  date  back  to  the  1950's.  A  considerable 
effort  was  made  In  the  USA  between  the  mid  1950's  and  the  late  1 960' s  to  Investigate  this  propulsion  system. 
Even  flight  demonstration  programs  were  Included  In  these  activities.  This  was  followed  b-  a  phase  of  lower 
activities  In  the  1970's. 

In  the  USSR,  SPR  development  was  probably  carried  out  since  the  late  1950* s  leading  to  the  propulsion  module 
of  the  SAM  6  "Gainful1'  antiaircraft  missile  which  became  operational  in  1967.  Technological  and  application 
orientated  development  wo<"k  In  the  field  of  solid  propellant  ramrockets  has  been  carried  out  In  France  and 
especially  In  Germany  since  the  end  of  the  1960 ' s . 

Since  several  years  SPR  development  activities  are  stimulated  In  the  USA  and  Europe  due  to  the  growing  Inter¬ 
est  for  the  application  of  this  propulsion  system  to  tactical  missiles  of  the  next  generation.  Its  high 
volumetric  Impulse  and  thrust  density  make  the  SPR  a  preferable  candidate  to  meet  high  velocity,  range  and 
maneuverability  requirements  even  at  low  altitude  flight  as  well  as  volume  limitations  being  frequently 
Imposed  on  missile  design. 

During  recent  development  programs,  flight  demonstrations  of  SPR  propulsions  systems  were  carried  out  by 
the  French  ONERA  in  1976  (missile  outer  diameter  0.4  m/16  In)  and  the  German  aerospace  company  Messerschmltt- 
Bolkow-Blohm  GmbH  (MBB)  In  1981  (missile  outer  diameter  0.24  m/9.5  in).  By  now,  a  high-energy  SPR  propulsion 
system  Is  under  development  at  MBB  for  application  In  a  joint  German-French  anti-ship  missile  project.  In 
the  USA,  the  DRED-program  (Ducted  Rocket  Engine  Development)  has  been  conducted  since  several  years.  A 
flight  demonstration,  originally  scheduled  for  1981  has  been  delayed.  Ne-ertheless,  a  follow-on  program 
has  already  been  Initiated  in  1S82. 
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2.  CHARACTERISTICS  OF  THE  SOLIO  PROPELLANT  RAMROCKET 

The  basic  design  of  a  solid  propellant  ramrocket  Is  Illustrated  by  fig.  2.1.  For  comparison,  sketches  of  a 
conventional  liquid  fuel  ramjet  (CRJ)  and  a  solid  fuel  ramjet  (SFRJ)  are  included  in  this  figure.  An  oxygen 
deficient  solid  propellant  burns  within  the  primary  combustion  chamber  (gasgenerator).  The  fuel-rich 
combustion  products  are  exhausted  Into  the  secondary  combustion  chamber  (rcncombustor) .  There  they  mix  and 
afterbum  with  the  ram-air  supplied  by  the  air  intakes. 

The  precombustion  of  the  fuel  is  the  main  characteristic  of  the  SPR.  The  oxidizer  incorporated  In  the 
propellant  of  course  reduces  the  specific  Impulse  compared  with  a  system  using  the  corresponding  pure 
fuel.  This  somewhat  hypothetical  disadvantage  Is  more  than  compensated  by  various  advantageous  character¬ 
istics  which  are  highly  favorable  to  the  application  of  a  SPR. 

Performance: 

o  The  SPR  allows  the  Incorporation  of  great  portions  of  high  energy/high  density  ingredients  such  as 
carbon,  aluminum,  magnesium,  boron  etc.  In  the  propellant,  the  application  of  which  Is  not  practicable 
In  CRJ's  and  SFRJ's  at  the  present  state  of  technology. 

CFR  with  slurries:  pumping  and  combustion  performance  problems 

SFRJ  with  great  portions  of  high  energy  ingredients:  combustion  performance  problems 

o  The  high  temperature  of  the  combustible  products  Injected  Into  the  ram-combustor 

-  allows  to  achieve  a  high  combustion  efficiency  for  high  energy  fuel  Ingredients  which  are  difficult 
to  bum,  e.g.  boron. 

-  reduces  or  eliminates  flame-out  problems  and  may  eliminate  the  need  for  an  additional  device  to 
Ignite  ram-combustion 

-  makes  the  SPR  fairly  Insensitive  to  cold  environment  operation  (where  problems  may  be  anticipated  for 
CRJ's  using  high-density  hydrocarbon  fuels) 

o  The  SPR  has  a  potential  to  allow  higher  maximum  thrust  levels  than  It  Is  possible  using  CRJ's  or  SFRJ’s. 
This  is  due  to  the  higher  temperatures  achieved  at  stoichiometric  combustion  as  It  Is  Illustrated  by 
fig.  2.2,  which  compares  curves  of  combustion  temperature  vs.  equivalence  ratio  (air  :  fuel)  for 
different  fuels  and  SPR  propellants. 

o  The  SPR  has  a  fuel  flow  modulation  capability  by  using  a  solid  propellant  with  a  pressure  sensitive 
burn  rate.  This  Is  very  important  to  fulfil  the  requirements  of  a  wide  mission  envelope  (e.g.  flight 
at  different  altitudes,  different  flight  velocities,  maneuvering).  Obviously  achievable  turndown  ratios 
(TDR)  are  lower  than  using  a  CRJ.  Nevertheless,  TDR's  of  SPR  propellants  up  to  18  were  demonstrated, 
while  values  between  5  and  10  should  be  considered  state  of  the  art  for  medium  to  hlch  energy  gasgenerator 
propellants. 

Design: 

o  The  SPR  Is  very  suitable  for  volume  limited  propulsion  modules,  due  to  It:  capability  to  Incorporate 
Ingredients  of  high  density  (l.e.  high  volumetric  heating  value)  In  the  solid  propellant. 

o  Especially  the  SPR  with  fixed  fuel  flow  offers  a  very  simple  design  without  movable  parts.  The  simplicity 
of  design  Is  comparable  to  a  solid  rocket  or  a  SFRJ. 

The  SPR  with  variable  fuel  flow  customarily  uses  a  pressure  sensitive  propellant  and  a  valve  for  the 
variation  of  the  gasgenerator  throat.  The  basic  design  complexity  of  this  control  valve,  being  the  only 
movable  part  of  the  variable  flow  SPR,  Is  more  adequately  comparable  to  a  fin  actuator  being  present  In 
every  modem  missile,  than  to  the  fuel-feeding  devices  of  a  CRJ.  Nevertheless,  this  should  mainly  be 
understood  to  be  an  argument  for  the  favorable  storage  characteristics  of  a  SPR  system.  High  gasgenerator 
temperatures  and  particle-laden  gas  flow  may  Induce  sophisticated  design  and  the  use  of  exotic  (thermally 
resistant)  materials  for  the  control  valve. 

o  The  SPR  has  the  capability  to  accommodate  an  integrated  booster  In  the  ram-combustor  In  the  same  way  as 
the  CRJ. 

Logistics: 

o  Storage  and  maintenance  requirements  and  long  duration  storage  characteristics  of  the  SPR  are  corresponding 
to  the  solid  propellant  rockets  being  presently  operational. 

o  The  SPR  Induces  no  additional  *1re  hazard  for  storage  and  handling  by  leaking  fuel.  This  Is  especially 
Important  for  naval  weapon  systems. 

o  SPR  systems  having  a  low  optical  signature  (a  requirement  sometimes  stated  for  air-to-air  missiles)  are 
feasible.  This  requirement,  however,  puts  some  limits  to  the  performance  level  that  can  be  attained  with 
such  systems. 


3.  DESIGN  PRINCIPLES  OF  THE  SPR 

All  major  components  of  a  SPR  are  Indicated  In  the  schematic  view  given  by  fig.  3.1. 
Main  design  aspects  for  these  components 

-  propellant  formulation 
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are  discussed  In  detail  In  the  following  paragraphs.  The  subjects  of  air  intakes  and  structural  design  are 
not  specially  treated  In  this  lecture  since  both  are  corresponding  to  customary  missile  or  ramjet  design, 
respectively.  Where  the  design  of  a  SPR  component  requires  the  application  of  special  material,  this  Item 
will  be  Included  In  the  discussion  of  that  component.  The  Integrated  booster  and  the  boost  sustain  transi¬ 
tion  phase  are  treated  very  shortly,  because  the  Inherent  problems  are  common  to  all  ram-type  propulsion 
systems . 

3.1  PROPELLANT  FORMULATION  [  2,  3,  4,  5  7 

A  complex  Interrelationship  exists  between  the  propellant  formulation  and  the  performance  and  characteristics 
of  the  SPR  propulsion  system.  Fig.  3.2  illustrates  the  Influence  of  the  propellant  formulation  on  parameters 
which  directly  or  Indirectly  affect  the  figures  of  merit  usually  required  for  a  propulsion  system. 

Main  performance  related  parameters  directly  depending  on  the  propellant  formulation  will  be  discussed  In 
detail.  These  parameters  are  Indicated  in  fig.  3.2  by  bold  frame  lines.  Additionally,  Indications  will  be 
given  where  the  selection  of  propellant  Ingredients  has  a  major  Influence  on  cost,  aging  or*  handling  charact¬ 
eristics  and  optical  slgnatureof  the  propulsion  system.  Two  further  parameters  are  discussed  which  are  not 
performance  related,  but  which  are  Indispensable  to  consider  in  propellant  design.  These  are 

-  processability  which  must  allow  a  reproducible  Industrial  product 

-  mechanical  properties  which  must  be  compatible  with  the  selected  grain  configuration  and  anticipated 
environmental  loads. 


3.1.1  Basic  Aspects 

Usually  the  main  requirements  established  for  a  propulsion  module  to  be  designed  for  a  certain  missile 
application  are  concerned  with 

-  range 

-  mission  envelope  (flight  trajectories,  maneuverability) 

-  missile  handling 

-  missile  signature 

-  design  restrictions  (length,  weight) 

-  system  cost 

The  range  requirement  essentially  means  a  required  energy  content  of  the  propellant  while  the  mission 
envelope  determines  the  required  bum-rate  level  and  turndown  ratio  for  a  chosen  propellant  having  a  fixed 
heating  value.  Besides  these  two  main  Items,  various  system  related  aspects  have  to  be  considered  In  prop¬ 
ellant  formulation  selection  to  achieve  an  overall  optimum  SPR  propulsion  system  [  2  ]. 

A  high  SPR  performance  requires: 

o  A  volumetric  heating  value  sufficient  to  meet  possible  volume  restrictions  for  the  propulsion  module, 
but  always  going  along  with  a  high  gravimetric  heating  value. 

The  required  total  energy  to  be  contained  In  the  gasgenerator  should  mainly  be  attained  by  means  of  a 
high  gravimetric  heating  value  with  secondary  Importance  laid  on  density  with  respect  to  the  propulsion 
module  weight.  This  Is  very  Important  because  the  propulsion-module  weight  Influences 

-  the  required  total  impulse  and  volume  of  the  boost  motor 

-  missile  maneuverability  and 

may  be  a  restricted  figure  for  airborne  missile  applications. 

o  A  high  expulsion  efficiency  to  make  use  of  the  propellants  energy  content.  This  parameter  refers  to  the 
fact  that  usually  a  small  portion  of  the  combustible  Is  not  Injected  into  the  ram-combustor  but  is  re¬ 
tained  in  the  gasgenerator.  Expulsion  efficiency  depends  on  the  burn-rate  level,  the  primary  combustion 
temperature,  the  portion  of  condensed  phases  In  the  primary  combustion  products,  the  geometry  of  the  gas¬ 
generator  outlet,  and  the  volune  of  the  empty  gasgenerator  at  burnout. 

o  A  high  secondary  (ram) -combustion  efficiency  to  get  a  high  degree  of  conversion  of  the  propellants 
energy  content  Into  heat  release  In  the  secondary  combustion  chamber.  Secondary  combustion  problems  are 
frequently  Inherent  in  the  use  of  high  energy/high  density  propellant  Ingredients. 

o  An  adequate  turndown  ratio,  with  an  upper  limit  determined  by  the  maximum  thrust  level  required  by  the 
mission  envelope  and  with  a  desirable  lower  limit  according  to  economic  fuel  consumption  at  the  minimum 
required  thrust  level.  A  low  figure  is  desirable  for  the  upper  limit  of  the  pressure  bracket  used  to 
achieve  the  fuel  flow  modulation.  A  high  primary  combustion  pressure  leads  to  the  need  of  heavy  gas¬ 
generator  structure  and  Increases  propulsion  -  module  weight. 


Good  handling. 
Ingredients  wh 


aging  and  storage  properties  of  a  SPR  require  to  exclude  as  far  as  possible  propellant 
Ich  are 


-  toxic  materials 

-  explosive  materials  leading  to  a  high  degree  of  propellant  hazard  classification  (e.g.  greater  portions 
of  high  energy  oxidizers  like  HMX  and  RDX) 

-  materials  undergoing  a  temperature  dependent  change  of  their  properties  (e.g.  the  phase  change  of 
amnonlum-nltrate) 
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A  low  signature  of  a  SPR  propulsion  module  requires: 

-  A  low  metal  content  of  the  propellant  due  to  the  visibility  of  condensed  metallic  oxide  exhaust. 

-  A  low  content  of  otner  fuel  Ingredients  which  are  difficult  to  burn  under  ram-combustor  operating  con¬ 
ditions  (e.g.  graphite  or  carbon  black)  and  consequently  may  Induce  soot  formation  In  the  engine  ex¬ 
haust. 

-  A  sufficient  turndown  ratio  to  avoid  excess  fuel  flow  at  any  operating  condition. 

-  The  exclusion  of  anmonium-perchl  orate  (AP)  as  oxidizer  If  minimum  signature  Is  a  strict  requirement. 

(A  visible  contrail  of  the  missile  is  formed  as  a  result  of  the  hygroscopic  reaction  of  hydrogen 
chloride  with  water  vapor  In  the  exhaust  plume.)  This  argument  to  exclude  AP  Is  only  valid  for  low  to 
medium  altitude  flight  conditions  since  a  visible  contrail  of  water  crystals  Is  inevitable  at  high 
altitudes  greater  than  9000  m/27000  ft  even  without  AP. 

The  compatibility  of  a  SPR  system  with  possible  design  restrictions  essentially  requires: 

-  The  favoring  of  propellant  Ingredients  with  high  volumetric  heating  value  If  range  and  low  propulsion 
module  length  are  the  predominant  requl rements . 

-  The  favoring  of  propellant  Ingredients  with  high  gravimetric  heating  value  If  the  propulsion  module 
weight  Is  restricted. 

Desired  moderate  cost  of  the  SPR  system  Induce  the  following  considerations  for  the  propellant  formulation: 

-  Some  applicable  high  energy  fuel  components  (mainly  metal  or  metal  compounds)  are  relatively  expensive 

and  may  boost  propellant  cost  If  major  portions  are  Included  In  the  formulation. 

-  Physical  and  chemical  properties  of  the  Ingredients  Included  In  the  propellant  may  require  sophisticated 

or  time  consuming  and  consequently  expensive  processing  procedures  for  propellant  mixing  and  grain 
manufacturing.  Here  the  use  of  Ingredients  with  a  very  fine  particle  size  or  arrangements  to  avoid  migration 
effects  may  be  quoted  as  examples. 

-  Characteristics  of  the  propellant  like  very  high  combustion  temperature  or  very  high  particle  loading 
of  the  combustion  products  may  Indirectly  contribute  to  an  Increase  of  system  cost  by  Inducing  the  need 
for  sophisticated  design  or  exotic  materials. 

The  processability  of  a  SPR  propellant 

-  Is  mainly  depending  on  the  balance  of  liquid  and  solid  components  In  the  formulation  and 

-  Is  strongly  Influenced  by  the  particle  size  distribution  of  the  solid  propellant  Ingredients. 

All  processability  problems  Inherent  In  the  manufacturing  of  SPR  gasgenerator  propellant  are  similar  to 
those  of  conventional  solid  composit<  propellants.  Basically  the  processability  features  of  gasgenerator 
propellants  tend  to  be  Inferior  compared  with  conventional  solid  propellants. 

The  aspects  stated  concerning  the  processability  are  also  true  for  the  mechanical  properties  of  a  SPR  prop¬ 
ellant.  Usually,  depending  on  the  grain  configuration,  required  figures  for  mechanical  properties  of  gas- 
generator  propellant  are  significantly  lower  than  for  conventional  solid  propellants.  Since  an  endburning 
grain  and  a  cartridge  loaded  configuration  are  preferable  for  a  SPR  (cf.  para.  3.2)  only  minor  stress  loads 
may  arise  due  to 

-  the  propellants  own  weight 

-  pressurizing  during  Ignition 

-  mismatch  of  the  cartridge  properties  (thermal  expansion  etc.) 


3.1.2  Ingredient  Selection  Trade 

In  the  following,  major  aspects  for  the  selection  of  the  different  type  of  propellant  Ingredients 

-  oxidizer 

-  binder 

-  carbon  and  hydrocarbon  fuels 

-  metallic  fuels 

-  catalysts 

are  reviewed  . 

Oxidizer 


Selection  criteria  for  a  SPR  propellant  oxidizer  may  be  summarized  as  follows: 

o  High  gas  output  in  order  to  achieve  good  expulsion  effulency  of  the  solid  organic/inorganic  particles 
from  the  gas  generator 

o  High  gas  output  In  order  to  minimize  deposits  within  valve  and  injector  orifices  as  well  as  to  minimize 
expansion  losses  in  the  thrust  nozzle  due  to  particle  flow 

o  High  combustion  temperature,  high  oxygen  content,  and  high  oxygen  balance 

o  High  density  In  order  to  minimize  the  oxidizer  volume  content  In  the  propellant,  since  heating  values  of 
oxidizers  are  negligible  unless  they  are  monopropellants  like  cydotetramethylene  tetranltramine  (HMX) 
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chlorides  (primary  smoke),  end  hydrogen  chloride  (secondary  smoke  enhancement) 
o  Compatibility  with  other  propellant  Ingredients 
o  Low  hazard  classification 

o  Minimization  of  risk  and  cost  of  the  oxidizer  as  an  Ingredient  as  well  as  overall  propellent  manu¬ 
facturing  cost 

o  Availability. 

Due  to  general  considerations  to  be  discussed  In  para.  3.2,  the  selection  of  an  endbumlng  grain  configur¬ 
ation  appears  to  be  most  favorable  for  a  SPR.  Conseouently,  required  bum  rates  (influencing  oxidizer 
selection)  may  be  localized  between  3  tmt/s  and  30  nn/s  (C.15  In/s  to  1.2  In/s).  Twelve  oxidizer  candidates 
are  listed  along  with  their  pertinent  properties  In  the  table  of  figure  3.3a.  Figure  3.3b  Illustrates  the 
selection  trade  for  these  oxidizers. 

Nltronlum  perchlorate  and  nltrosyl  perchlorate  cannot  be  regarded  to  be  feasible  oxidizer  candidates 
because  of  their  extremely  severe  hygroscoplclty  and  their  Incompatibility  with  cotttnoii  binders. 

Sodium  perchlorate  and  potassium  perchlorate  are  unfavorable  because  of  their  Insufficient  gas  production 
and  condensed  reaction  products  (low  expulsion  efficiency).  The  same  argument  applies  to  lithium  nitrate, 
sodium  nitrate  and  potassium  nitrate,  since  they  form  a  high  portion  of  condensed  products.  Amnonlum 
nitrate  In  turn  yields  only  marginal  bum  rates.  Is  hygroscopic,  and  undergoes  a  phase  change  at  30S  K/ 

S50  R.  The  latter  does  not  apply  to  the  expensive  phase-stabilized  ammonium  nitrate. 

As  far  ascombustlon  characteristics  are  concerned,  HKX  and  cydotrlmethylene  trlnltramlne  (RDX)  are  comp¬ 
arable.  However,  HKX  has  a  higher  density.  The  advantage  of  HMX  Is  that  It  has  a  moderate  heating  value, 
lacks  hydrogen  chloride,  and  thus  exhibits  minimum  smoke.  The  heating  value  Improves  the  propellant  energy 
level  by  80  KJ/dra*  (1.24  Btu/ln1)  when  1  X  ammonium  perchlorate  (AP)  Is  replaced  with  1  X  HMX.  Less  advant¬ 
ageous  is  the  negative  oxygen  balance  of  HMX,  which  tends  to  Inhibit  satisfactory  decomposition  and 
combustion  of  any  kind  of  binder  (marginal  expulsion). 

Further  drawbacks  of  a  SPR  propellant  containing  HMX  as  theprlnclpal  oxidizer  can  be  summarized  as  follows: 

o  The  bum  rate  Is  low.  Compared  to  AP  there  Is  no  known  burn  rate  catalyst  that  can  significantly  Increase 
the  marginal  bum  rate.  Also,  unlike  AP,  the  particle  size  of  HMX  does  not  have  a  major  Inf'uence  on  bum 
rate. 

o  Raw  material  costs  are  about  four  to  six  times  higher  than  those  for  AP. 

o  A  desired  low  hazard  classification  may  prohibit  the  use  of  RDX  or  HMX  In  greater  amounts  In  the 
formulation. 

Thus,  of  the  12  oxidizers  considered,  AP  and  lithium  perchlorate  (LP)  appear  to  be  favorable  as  principal 
oxidizers  with  HMX  as  a  potential  co-oxidizer.  Whereas  LP  has  the  higher  density.  AP  has  the  advantage  of 
being  the  most  frequently  used  oxidizer  In  composite  propellants.  Since  LP  has  a  more  favorable  oxygen 
balance  compared  to  AP,  one  may  be  tempted  to  conclude  that  less  LP  produces  the  same  total  propellant 
energy.  However,  the  amount  of  condensed  lithium  chloride  formed  by  the  decomposition  of  LP  (according  to 
calculations  with  NASA’s  Chemical  Equilibrium  Code  [  6  ])  Is  high  even  at  temperatures  up  to  1860  K/3350  R. 
The  liquid  lithium  chloride  may  pose  problems  for  the  valve  flow  passages  and  Injector  orifices.  In  addition, 
the  hygroscopic  character  of  LP  poses  problems  In  both  propellant  manufacturing  and  aging.  Finally,  LP  Is 
about  seven  times  more  expensive  than  AP. 

To  conclude,  AP  may  be  recommended  as  the  principal  oxidizer  for  a  SPR  gasgenerator  propellant.  Ho.  ever,  the 
addition  of  lesser  amounts  of  HMX,  chlorates,  or  nitrates  as  co-oxidizers  in  AP-oxIdlzed  formulations  should 
be  considered  If  necessary  as  a  means  of  tailoring  the  burn  rate  and  pressure  exponent. 


Binder 

At  the  present  state  of  technology,  there  are  two  binder  systems  currently  used  for  castable  composite 
propellants.  These  are  polyurethenes  and  polybutadienes.  The  more  modem  polybutadlens  Include 

-  Carboxy-termlnated  polybutadiene  (CTPB) 

-  Hydroxy- terminated  polybutadiene  (HTPB) 

-  polybutadlene-acryllc  acid  (P8AA) 

-  polybutadlene-acryllc  nitrile-polymer  (PBAN) 

While  PBAA  and  PBAN  certainly  will  remain  In  use  for  the  next  decade,  future  systems  will  mainly  apply  CTPB 
or  HTPB.  The  preferred  application  of  these  two  binders  Is  based  on  the  following  characteristics: 

o  Low  viscosity  of  the  prepolymer  In  order  to  facilitate  loading  with  a  high  content  of  solid  particles 
while  maintaining  processability  and  castablllty 

o  Good  mechanical  properties  over  a  wide  temperature  -inge  In  Oder  to  ensure  the  mechanical  Integrity  of 
the  propellant  *  1 

o  Low  oxygen  content 

o  Secured  availability. 
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A  selection  of  liquid  and  solid  carbon  and  hydrocarbon  fuel  candidates  is  listed  in  the  table  of  fig.  3.4. 
Desired  properties  for  the  fuel  components  are: 

o  High  heat  of  combustion 
o  High  density 

o  Combustion  products  that  are  gaseous  (or  at  least  In  a  state  to  facilitate  expulsion). 

The  binder  polymers  (HTPB  and  CTPB)  are  exhibiting  favorable  figures  in  terms  of  gravimetric  heating 
value.  Due  to  the  low  density, however,  there  Is  a  relatively  poor  performance  on  a  volumetric  basis.  Liquid 
plasticizers  like  IDP  and  Oppanol  may  replace  part  of  the  binder  to  reduce  the  viscosity  of  the  propel¬ 
lant  slurry  during  mixing,  or  to  allow  higher  portions  of  solid  Ingredients  to  be  incorporated.  The  use  of 
certain  plasticizers  (e.g.  Oppanal)  maybe  interesting  also  from  the  energetic  view,  since  their  energy 
content  Is  superior  to  that  of  the  binder.  Liquid  bum  rate  catalysts  (like  organic  Iron  compounds)  also 
act  as  a  plasticizer  and  exhibit  high  volumetric  heating  values. 

Regarding  the  solid  non-metalllc  fuel  candidates,  elementary  carbon  (as  carbon  black  or  graphite)  has  the 
highest  volumetric  heating  value  while  the  hydrocarbons  (Zecorez,  CLPS,  PAMS)  are  superior  with  respect 
to  the  gravimetric  heating  value. 

Two  additional  aspects  should  be  considered  for  the  selection  of  non-metalllc  solid  fuel  components. 

o  the  use  of  carbon  bliCk  and  especially  of  graphite  may  Impose  problems  for  ram-combustion  efficiency  and 
consequently  contribute  to  soot  formation  and  visible  signature  of  the  exhaust  ccntrall. 

o  Lower  expulsion  efficiency  can  be  anticipated  for  the  application  of  elementary  carbon  fuels  compared 
with  the  use  of  solid  hydrocarbons, where  portions  of  the  decomposition  products  are  gaseous. 

Metall1c_Fuels 

Metallic  fuels  may  be  Incorporated  In  a  SPR  gasgenerator  propellant  mainly  for  two  reasons: 
o  to  Increase  the  volumetric  heating  value 

o  to  Increase  primary  combustion  temperature  In  order  to  achieve  autoignition  of  the  ram-combustion 
and  possibly  to  enhance  combustion  efficiency  In  the  ram-combustor. 

On  the  other  hand,  the  following  problems  Inherent  In  the  use  of  metallic  fuels  have  to  be  considered: 
o  High  primary  combustion  temperatures  may  pose  problems  to  valve  and  Injector  design 

o  Metallic  fuels  contribute  to  the  particle  loading  of  the  gasgenerator  combustion  products  which  may  be 
detrimental  to  expulsion  efficiency  and  enhance  the  risk  of  deposits  being  formed  In  valve  passages  or 
Injectors. 

o  High  ram-combustion  efficiencies  a-t  not  easily  attained  using  some  highly  energetic  metal -compounds 
like  boron. 

o  Metallic  oxide  exhaust  contributes  eg  the  optical  signature  of  the  engine  contrail. 

o  Some  metallic  fuel  components  (e.g.  boron)  are  very  expensive  compared  with  other,  more  customary  fuel 
ingredients. 

Gravimetric  and  volumetric  heating  values  of  some  Interesting  metallic  fuels  are  presented  In  a  bar-chart 
by  figure  3.5.  The  corresponding  values  of  carbon  and  Kerosene  are  Included  for 'comparison.  The  table  of 
figure  3.6  gives  data  about  density  and  heating  value  of  various  metallic  fuel  components. 

j 

Boron  has  most  favorable  energetic  features  but  Is  difficult  to  bum  under  ram-qombustor  conditions.  This 
Is  due  to  the  high  temperatures  required  to  evaporate  boron-oxide  which  otherwise  forms  a  layer  around 
the  boron  particles  and  terminates  combustion.  Boron  combustion  has  been  intensively  Investigated  and  high 
combustion  efficiencies  can  be  attained  at  present  state  of  technology. 

Comparatively  little  experience  exists  concerning  the  application  of  boron  carbide  which  Is  not  Included 
In  fig.  3.5.  Boron  carbide  has  a  gravimetric  heating  value  of  52  MJ/kg  (22350  BtU/1n»)  and  a  density  of 
2,5  g/cm*  (0.09  lb/1n*)lead1ng  to  a  volumetric  heating  value  Insignificantly  lower  than  boron.  Combustibility 
behavior  can  be  considered  s'mllar  or  worse  than  for  elementary  boron.  Aluminum  provides  a  reasonably  high 
volumetric  and  gravimetric  heating  value  and  yields  less  combustion  problems.  However,  the  use  of  this  metal 
Is  limited  to  small  quantities  because  of  Its  strong  tendency  to  form  deposits.  | 

Magnesium  provides  no  significant  improvement  over  carbon  or  hydrocarbon  fuels  from  the  energetic  point  of 
view.  On  the  other  hand,  magnesium  Is  easily  burned  with  high  efficiency  and  yields  an  Increase  In  primary 
combustion  temperature.  Other  metals  not  Included  in  figure  3.5,  like  zirconium  or  titanium,  are  sometimes 
discussed  as  fuel  Ingredients.  These  are  exhibiting  a  very  high  density  and  a  volumetric  heating  value 
comparable  to  aluminum,  but  consequently  a  low  gravimetric  heating  value  which  Is  not  favorable  for  overall 
performance  as  outlined  before. 

The  use  of  metal  compounds  (e.g.  borides)  or  metal  alloys  have  been  also  proposed  to  increase  the  heat 
content  of  SPR  gas  generator  propellants.  Since  there  Is  very  little  experience  with  the  application  of 
these  Ingredients  a  valuation  can  be  hardly  given. 

Catalysts 

Iknallw  tka  annltratlna  nt  a  hum  rata  ratal  vat  i«  rwwtraH  t«  aHluct  tka  hum  rata  nf  an  nvvnait-Waflr'Iant 


of  the  propellant). 


There  exists  a  vast  number  of  catalysts  used  In  conventional  composite  propellants  which  are  also  applicable 
for  gas  generator  propellants.  Only  one  type  of  catalysts  being  frequently  used  In  gastpnerdtor  propellants 
(with  AP  as  oxidizer)  shall  be  presented  here.  These  catalysts  effect  an  increase  In  burn  rate  by  fine  Iron 
oxide  particles  which  either  are  incorporated  In  the  propellant  as  an  ingredient  or  are  formed  during  comb¬ 
ustion  of  an  Inn  containing  catalyst. 

Iron  containing  talysts  are 

-  ferrocene  (sol  >,  rarely  used) 

-  n-butyl  ferrocene  -> 

-  catocene  j (liquid;  strong  catalyst;  frequently  used) 

The  use  of  liquid  bum  rate  catalysts  is  desirable  with  respect  to  the  processability  of  the  propellant.  The 
liquid  catalysts  are  exhibiting  a  considerable  heat  content  as  mentioned  before  at  the  discussion  of  hydro¬ 
carbon  fuels.  Iron-oxide  (Fe203)  Itself  is  also  frequently  used  as  bum  rate  catalyst.  Its  catalyzing  prop¬ 
erties  are  relatively  weak  and  depending  on  the  applied  particle  size.  Iron  oxide,  of  course,  has  a  zero 
heating  value. 

Iron-oxide  Is  a  cheap  commercial  product  which  Is  comionly  used  as  a  plgnent.  The  aforementioned  liquid 
catalysts  are  produced  In  small  quantities  and  consequently  are  very  expensive. 


3.1.3  Examples  for  Formulation  Screening 

To  complete  the  consideration  of  propellant  formulation  some  examples  for  formulation  screening  are  added 
below. 


Figure  3.7  compares  density  and  gravimetric  and  volumetric  heating  values  of  five  hypothetical  formulations 
with  different  amounts  and  types  of  fuel  components.  These  formulations  are 
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formulations  should  be  understood  to  Include  approximately  5%  of  curing  and 

burn  rate  additives  In  a  real  propellant. 

The  bar  chart  of  fig.  3.7  Illustrates  the  stepwise  Increase  of  energy  content  when  hydrocarbon,  carbon, 
and  metallic  fuels  are  Introduced  Into  the  propellant  formulation. 

To  compose  an  appropriate  propellant  formulation  for  any  given  application,  firstly  a  decision  must  be  made 
to  use  a  metallized  or  non-metal  11 zed  propellant.  This  decision  has  to  be  based  on  the  requirements  for 
energy  content,  gas  generator  temperature  and  possibly  optical  signature.  Additionally,  a  proper  balance  has 
to  be  found  between  fuel  components  wlthlowor  high  energy  content  and  good  or  marginal  combustibility 
properties  to  get  an  overall  good  performance. 

Figure  3.8  presents  an  example  for  the  screening  of  a  non-metalllzed  propellant  formulation.  The 
volumetric  heating  value  Is  plotted  versus  the  AP  content  for  the  following  variable  formulation: 

AP  :  variable  (10  to  40%) 

binder  :  25  * 

carbon  black  :  0  to  40  % 

PAW  :  75  %  -  %  AP  -  %  CB 

Lines  of  constant  primary  combustion  temperature  (according  to  chemical  equilibrium  calculations)  are  also 
Indicated  In  fig.  3.8.  The  predominant  Influence  of  the  oxidizer  content  on  the  heating  value  Is  quite  evident 
However,  bum  rate  requirements  Impose  a  lower  limit  for  the  oxidizer  content,  rarely  allowing  oxidizer 
portions  lying  significantly  below  25  percent. 

Furthermore,  fig.  3.8  shows  that  the  Increasing  of  carbon  black  by  forty  percent  and  reducing  PAMS  by  the 
same  amount  results  In  an  Increase  of  the  volumetric  heating  value  by  about  six  percent.  Only  an  Increase 
of  the  density  Is  effected  by  this  variation  of  the  formulation  while  the  gravimetric  heating  value  even 
decreases  when  PAW  Is  replaced  by  carbon  black.  Gasgenerator  temperatures  for  a  fixed  AP  content  are  de¬ 
creasing  when  the  portion  of  carbon  black  Is  Increased.  Besides  the  theoretical  consideration  of  energy 
content  it  must  be  reminded  that  good  afterburning  efficiency  Is  presumably  much  easier  to  achieve  using 
a  hydrocarbon  than  a  carbon  fuel.  Consequently,  only  lower  portions  of  carbon  fuel  can  be  recommended  If 
volumetric  restrictions  are  given  for  the  propulsion  module  and  severe  requirements  for  the  optical  signature 
do  not  allow  the  application  of  metallic  fuels. 

Gas  generator  temperatures  which  are  calculated  for  the  propellants  of  fig.  3.8  will  be  probably  Insufficient 
to  achieve  autoignition  of  ram-combustion. 


thermo  chemistry  are  again  Indicated  in  the  figure.  The  propellants  considered  in  fig.  3.9  are  based  on  the 
following  formulation: 

AP  :  variable  10  to  32  X 

binder  :  25  t 

metal  :  7.5  to  15  X 

PAMS  :  75  X  -  X  AP  -  *  metal 

The  oortion  of  metal  included  in  the  figure  has  the  following  composition: 
boron  :  80  X 

aluminum  :  20  X 

Three  major  aspects  can  be  concluded  from  the  comparison  of  figures  3.8  and  3.9: 

o  Replacing  part  of  the  solid  hydrocarbon  fuel  by  metals  leads  to  a  moderate  Increase  of  the  gravimetric 
heating  value  (while  carbon  fuels  reduce  the  gravimetric  heatinq  value) 

o  The  Incorporation  of  the  mentioned  metallic  fuel  effects  a  significant  Increase  of  the  volumetric  heat¬ 
ing  value  (which  only  could  be  achieved  by  much  higher  quantities  of  carbon  fuels) 

o  Primary  combustion  temperatures  are  much  higher  than  for  the  propellants  of  figure  3.8  and  by  far 
sufficient  to  attain  autoignition  of  ram-combustion.  It  has  to  be  added  that  measured  gasgenerator 
temperatures  are  below  the  calculated  equilibrium  temperatures  indicating  a  reaction  rate  of  the 
metallic  ingredients  below  equilibrium.  However,  this  does  not  affect  the  aforementioned  statement 
concerning  autoignition. 

Afterburning  of  metallic  fuels  is  not  easily  done  but  poses  no  greater  problems  than  for  the  compared  carbon 
fuels.  This  is  especially  true  since  much  more  experience  exists  for  the  application  of  metallized  than 
for  carbon  loaded  propellants. 

To  suntnarize,  the  application  of  metal  fuel  can  be  recommended  to  increase  the  energy  content  of  the  prop¬ 
ellant  if  optical  signature  is  no  severe  requirement  or  is  inevitable  anyway  due  to  the  characteristics  of 
other  propellant  ingredients  as  for  example  AP.  State  of  the  art  propellant  formulations  and  overall 
performances  will  be  discussed  lauer  on  in  para.  4. 


3.2  GRAIN  DESIGN  f  3,  5  J 

The  gas  generator  propellant  grain  configuration  must  be  selected  early  in  SPR  design  since  it  drives  such 
key  propellant  characteristics  as  burn  rate  as  well  as  other  system  aspects  such  as  valve  sizing.  Experience 
gained  in  fixed  and  variable  flow  SPR  programs  leads  to  the  conclusion  that  an  endbumer  grai.i  configuration 
is  optimum  for  the  following  reasons: 

o  Any  Internal  burning  configuration  (star,  rod  and  tube  et.  al.)  requires  very  low  regression  rates  which 
usually  can  be  achieved  only  by  pyrolysis  rather  than  by  flame  front  combust!  on.  fyrolys  is  in  turn  imolles  the 
danger  of  unacceptably  high  residues  in  the  gas  generator  as  well  as  a  gas  temperature  that  is  too  low 
for  autoignition  in  the  ram  combustor. 

o  Depending  on  the  internal-burning  configuration,  there  is  a  more  or  less  pronounced  variation  in  burning 
surface  which  has  a  direct  Impact  on  the  variable  flow  valve  size  as  well  as  on  the  maximum/minimum  gas 
generator  pressure  range. 

o  The  volumetric  propellant  loading  of  an  internal -burning  grain  Is  inferior  to  that  of  an  endbumer. 

A  cartridge  configuration  Is  the  appropriate  design  for  an  end-burning  grain  especially  for  long  burning 
times.  Severe  problems  are  inherent  in  a  case-bonded  configuration  of  a  long  end-buming  grain  concerning 
the  considerable  axial  elongation  of  the  grr.in  between  commonly  required  low  and  high  operational  temperature 
limits.  Using  a  cartridge  design,  a  radial  gap  between  grain  liner  and  gas  generator  insulation  may  occur 
at  low  temperature  which  has  to  be  sealed  or  filled  by  elastic  material  since  a  variable  empty  volume  of  the 
gas  generator  will  pose  ignition  problems. 

Different  from  customary  solid  rockets,  aerodynamic  heating  occurring  during  long  flight  duration  at  high 
Mach  numbers  may  warm  up  the  propellant  and  a*  least  may  provoke  conical  burning.  Therefore,  not  only  heat 
flux  to  the  gas  generator  wall  downstream  of  the  burning  surface  but  also  heat  flux  from  the  structure  into 
the  propellant  has  to  be  considered  for  insulation  design  of  a  SPR  gas  generator.  Aspects  of  liner  formulation 
concerning  adhesion  or  migration  problems  ure  similar  for  SPR  and  conventional  composite  propellants. 


3.3  FUEL  RUW  MODULATION 

Fuel  flow  modulation  for  a  SPR  is  usually  achieved  by  using  a  propellant  with  a  pressure  sensitive  burn  rate 
and  a  valve  to  vary  the  gas  generator  throat.  This  concept  and  the  Inherent  problems  are  discussed  in  detail. 
Some  remarks  are  added  concerning  alternative,  more  exotic  concepts  for  fuel  flow  modulation. 

3.3.1  Fuel  Flow  Modulation  Using  Pressure  Sensitive  Propellants 

The  characteristics  of  fuel  flow  control  using  a  pressure  sensitive  propellant  are  discussed  below.  Addition¬ 
ally,  basic  aspects  of  valve  design  are  reviewed. 
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for  SPR  gas  generator  propellants  Is  corresponding  to  conventional  composite  propellants  and  may  be  described 
by  the  following  formula 


r  -  a  •  p  (3.1) 

Where  a  and  n  are  empirical  parameters  which  are  not  necessarily  independent  from  pressure  over  a  utilized 
wide  pressure  bracket.  Consequently  mass  production  may  be  written  as 

6  •  A.  .  a  •  p”  (3.2) 

prop  >  prop  d  rz 

The  mass  flow  ejected  through  the  gas  generator  throat,  a  critical  pressure  ratio  being  provided.  Is  given  by 

'eje  .  _L_£  (3.3) 


C  *  f 


r 


according  to  fundamental  fluid  dynamics. 

Equilibrium  exists  when  the  produced  mass  flow  equals  the  ejected  mass  flow.  Consequently,  the  equilibrium 
pressure  Is  given  by 

Pc  *  <  a  -%rop  *  •  K)T^i  (3.6) 

Ab 

where  K  Is  defined  as  the  area  ratio  •*£ 


i . 
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Pressure  and  burn  rate  variations  are  depending  on  a  variation  of  the  K  ratio  as  follows: 

dPc  ,  1  dK 

VZ  T 


•  .  * 


r  n  dK  ,, 

T  '  HI  (3*8) 

Fig.  3.10  Illustrates  the  Influence  of  n  on  the  ratio  of  bum  rate  variation  and  K  variation.  It  Is  quite 
evident  from  fig.  3.10  that  the  application  of  propellants  exhibiting  very  high  pressure  exponents  above 
.75  may  be  very  hazardeous  from  the  stability  point  of  view. 

Fuel  flow  control  using  pressure  sensitive  solid  propellants  Is  especially  complicated  by  the  Inverse  response 
of  the  fuel  flow  to  the  actuation  of  the  control  valve.  This  characteristic  Is  Illustrated  by  figure  3.11 
showing  traces  of  the  valve  throat  area,  pressure  and  fuel  flow  for  a  control  action  to  Increase  or  decrease 
fuel  flow,  respectively.  To  Increase  fuel  flow  means  to  reduce  the  valve  throat  area  and  consequently  to 
Increase  pressure  to  the  values  which  statlonarlly  correspond  to  the  desired  fuel  flow.  When  the  valve  closes, 
first  the  ejected  mass  flow  decreases  corresponding  to  the  reduced  throat  area.  Now  the  pressure  rises  since 
the  produced  mass  flow  Is  greater  than  the  ejected  mass  flow.  Mass  production  and  ejected  mass  flow  Increase 
corresponding  to  the  pressure  rise  until  the  new  equilibrium  Is  reached.  The  1nve>*se  occurs  when  the  valve 
opens  to  decrease  fuel  flow. 

The  magnitude  of  the  fuel  flow  ovei^or  undershoot  depends  on 

-  the  turndown  ratio  of  the  control  action 

-  logic  cf  the  control  loop  and  velocity  of  valve  displacement 

The  time  span  required  to  change  from  one  fuel  flow  rate  to  another  depends  on 

-  gas  generator  empty  volume 

-  the  turndown  ratio  of  the  control  action 

-  logic  of  the  control  loop 

-  pressure  exponent  within  the  pressure. bracket  used  for  the  control  action 

The  achievable  turndown  ratio  depends  on  various  factors  which  are  related  to  the  propellant  characteristics 
as  well  as  to  system  aspects.  One  main  limiting  parameter  for  the  TOR  Is  the  pressure  bracket  allowed  for  the 
bum  rate  modulation.  The  upper  pressure  limit  Is  Imposed  by  the  design  of  the  gas  generator  structure.  The 
lower  pressure  limit  depends  on  the  pressure  level  In  the  ram-combustor  and  on  system  requirements  to 
Include  or  not  a  second  sonic  nozzle  downstream  of  the  control  valve  to  evaluate  the  fuel  flow.  Evidently, 
the  other  main  parameter  affecting  TDR  Is  the  pressure  exponent  of  the  propellant  within  the  allowed  pressure 
bracket.  Since  the  bum  rate  of  solid  propellants  Is  more  or  less  temperature  sensitive,  the  maximum  achiev¬ 
able  TDR  Is  also  limited  by  the  upper  and  lower  operational  temperature  required  for  the  propulsion  system. 
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Figure  3.13  summarizes  the  parameters  limiting  the  maximum  achievable  TDR.  Lines  of  constant  TOP  are  indicated 
as  a  function  of  pressure  exponent  n  and  temperature  sensitivity  -'/’%/  "  K  /.  The  left  figure  is  related 
to  a  configuration  where  the  control  valve  forms  the  only  sonic  throat  whereas  a  second  sonic  nozzle  is  added 
in  the  right  figure  which  increases  the  lower  pressure  limit.  The  calculations  for  figure  3.13  are  based  on 
a  103  bars/1500  psia  pressure  bracket  and  a  128  K/230T  temperature  bracket. 

Essentially  two  types  of  control  logic  may  be  applied  to  solid  propellant  burn  rate  control. 

o  A  sonic  nozzle  is  installed  downstream  of  the  control  valve.  Pressure  and  possihly  temperature  are  measured 
upstream  of  this  nozzle  allowing  to  evaluate  the  actual  fuel  flow  if  gas  properties  are  known  with  suff¬ 
icient  accuracy.  The  control  valve  is  adjusted  to  a  position  where  the  desired  fuel  flow  is  statioriarily 
evaluated  at  the  second  sonic  throat.  The  applied  control  algorithm  must  taka  into  consideration  the  mass 
flow  overshoot  during  the  control  action,  the  pressure  sensitivity  of  the  propellant  (for  stability  reasons) 
and  a  possible  dependency  of  the  c*  figure  on  pressure  (which  is  mainly  according  to  a  variation  of  gas 
temperature)  especially  if  no  temperature  measurement  is  provided. 

This  control  logic  which  appears  to  be  simple  and  evident  at  the  first  look  has  several  disadvantages. 

-  The  installation  of  a  second  sonic  nozzle  downstream  of  the  control  valve  and  possibly  still  upstream 
of  the  Injector  (a  simple  sonic  throat  configuration  for  the  fuel  injector  may  not  be  compatible  with 
combustion  efficiency  requirements)  is  space-consuming  and  may  not  be  compatible  with  design  restrict¬ 
ions  given  for  a  modern  SPR  system. 

Pressure  measurement  shortly  downstream  of  the  irregularly  shaped  valve  cross  section,  a  tube  turn  etc. 
may  be  of  poor  accuracy. 

The  dicussed  control  logic  is  restricted  to  propellants  which  predominantly  produce  gaseous  combustion 
products  with  a  minimum  of  condensed  species,  since  two  phase  flow  effects  and  deposits  possibly  formed 
In  the  second  tnroat  are  highly  detrimental  to  control  accuracy. 

o  Another  control  logic  which  may  also  beapplied  to  solid  propellants  forming  combustion  products  with  high 
loading  of  condensed  phases  only  relates  to  the  predetermined  ballistic  data  (including  c*  variability) 
of  the  propellant  and  the  calibrated  throat  area  variation  of  the  valve.  The  control  algorithmadjusts 
the  valve  to  a  position  where  the  K  ratio  corresponds  to  the  desired  burn  rate.  A  comparison  of  the  actual 
and  the  expected  pressure  allows  to  correct  disturbances  caused  by  grain  temperature,  coning  effects  or 
clogging  of  the  valve.  The  essential  control  variable  for  this  kind  of  control  logic  is  the  required 
thrust  level  or  flight  velocity.  The  fuel  flow  not  being  explicitly  known  is  adjusted  until  the  desired 
performance  of  the  propulsion  system  is  achieved. 

This  control  logic  requires  a  more  complex  and  skilful  control  algorithm  but  is  capable  to  handle  highly 
particle-laden  flows  with  moderate  depositing  characteristics . 


Any  control  logic  must  take  into  consideration  that  the  overshoot  of  the  fuel  flow  during  control  action  may 
Induce  operational  conditions  for  the  ram  engine  which  may  be  off-limits  for  air  intake  operation.  A  sudden 
Increase  in  fuel  flow  and  heat  release  in  the  ram-combustor  will  cause  a  pressure  rire  which  may  blow  off 
the  final  shock  forcing  the  air  Intake  into  subcritical  operation.  If  the  air  intake  exhibits  no  stable 
subcritlcal  operation  the  air  Intake  will  go  into  Inverse  flow  leading  to  the  destruction  of  the  missile. 

On  the  other  hand,  a  long  lasting  undershoot  of  the  fuel  flow  (occurring  for  high  modulation  ratios,  big 
gas  generator  empty  volume,  low  n)  may  lead  to  thrust  deficiency  and  deceleration  of  the  missile  and  con¬ 
sequently  also  may  pose  problems  concerning  air  intake  operation. 


3. 3. 1.2  Control  Valve  Design  /  3,  9,  10,  12  / 

The  subject  of  control  valve  design,  due  to  its  complexity  cannot  be  treated  completely  in  this  context.  Major 
aspects  of  valve  design  and  some  basic  valve  design  principles  will  be  discussed  below. 

All  customary  valve  design  principlesare  applicable  to  a  gas  generator  control  valve  as  long  as  primary  com¬ 
bustion  temperature  is  low  (e.g.  below  1000  K/1300  R)  and  the  portion  of  condensed  species  in  the  primary 
combustion  products  is  low,  too.  Problems  arise  for  high  temperatures  and  highly  particle-laden  flows.  Problems 
may  also  arise  from  high  pressure  ratios  across  the  valve  if  the  configuration  is  not  adequate. 

The  following  aspects  have  to  be  considered  for  gas  generator  valve  design: 

(1)  space  requirement  for  valve  and  actuator 

(2)  compatibility  with  other  components,  e.g.  injectors 

(3)  sealing  problems 

(4)  actuation  loads  (determining  type  and  size  of  the  actuator) 

1 5 )  mechanical  and  thermal  stress  arising  for  the  components 

(6)  heat  flux  into  the  control  valve  and  to  the  actuator 

(7)  clogging  risk 

(8)  overall  functional  safety 

(9)  cost 


The  significance  of  several  aforementioned  items  depends, of  course.on  the  required  endurance  time.  The  consider¬ 
ation  of  the  items  (1)  to  (5)  and  (8)  leads  to  the  conclusion  that  a  rotating  motion  of  the  control  valve  is 
preferable  to  a  transiatory  motion.  In  most  cases  a  rotating  valve  and  its  actuator  may  be  accommodated  in  a 
smaller  volume  than  a  transiatory  valve.  Sealing  problems  of  the  rotating  valve  are  inferior  to  that  of 
transiatory  valves.  Rotary  sealing  surfaces  usually  stay  clean  of  deposits  while  any  transiatory  valve  com¬ 
ponent  may  draw  deposits  up  into  the  bore  on  which  It  seals.  Rotary  seals  may  be  composed  more  easi’y  of 
heat  resistant  materials  like  graphite  foils  or  wool.  Transiatory  seals  on  the  other  hand  usually  apply 
elastomeric  materials  which  must  be  thermally  protected.  Actuation  loads  tend  to  be  greater  for  transiatory 
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actuator  a'e  low.  Problems  may  arise  frc.ii  dividing  the  fuel  flow  to  be  fed  Into  the  ram-combustor  by  several 
Injectors.  Where  narrow  bending  of  the  flow  is  prohibited  due  to  the  clogging  risk,  a  valve  configuration 
with  several  throats  actuated  by  one  unit  may  betheonly  adequate  solution.  This,  however,  Is  not  feasible 
with  every  valve  type. 

Referring  to  the  Items  (5)  and  (6),  probably  less  problems  arise  if  the  valve  is  Installed  In  an  environment 
with  low  flow  velocity.  If  the  valve  is  installed  in  a  region  of  higher  flow  velocity,  e.g.  In  a  gas  pipe, 
thermal  stress  will  be  great  and  possibly  non-uniform  around  the  control  element.  Consequently,  heat  flux 
Into  the  valve  and  the  actuating  unit  will  be  greater  for  a  high  flow  velocity  than  a  low  flow  velocity 
environment. 

A  clogging  risk  (item  ('/))  only  exists  for  particle-laden  flows.  Deposits  are  predominantly  formed  at 

-  stagnation  points 

-  deadwater  regions 

which  cannot  be  completely  avoided  by  valve  design.  If  depositing  is  expected,  any  valve  configuration  ex¬ 
hibiting  a  small  valve  lift  or  narrow  slots  for  the  valve  throat  should  be  discarded.  Further  on.  It  must 
be  considered  that  additional  valve  actuation  loads  may  arise  from  stripping  off  deposited  material. 

The  overall  functional  safety  (item  (8))  summarizes  the  remaining  risks  of  the  items  (3)  to  (7).  Cost  of 
the  valve  may  be  boosted  by  the  need  for  sophisticated  design  and  complex  manufacturing  procadures,  by 
using  exotic  temperature  resistant  material, and  by  type  and  size  of  the  actuation  unit. 

Figure  3.14  presents  six  basic  valve  configurations  which  will  be  shortly  discussed  below,  referring  to  the 
aforementioned  design  aspects.  A  temperature  bracket  of  1000  X  to  1700  K  (1800  R  to  3100  R)  an  upper 
pressure  lic.1t  of  100  bars  (1500  psia)  and  particle  loadings  from  0  to  50  percent  are  Implicitly  assumed 
as  possible  operational  conditions  for  the  gas  generator  control  valve.  The  qualitative  estimation  of  t.he 
characteristics  and  the  applicability  of  the  presented  valve  design  variants  are  bused  on  available  SvSte 
of  the  art  experience. 

(1)  Rotary  Blade  /  Butterfly  Valve 

Space  requirement  Is  small  for  valve  and  actuator 

-  Feasible  but  Infavorable,  If  more  than  one  throat  Is  desired 

-  Rotary  sealing  poses  no  major  problems 

-  Low  actuation  loads  due  to  Ideal  force  balance 

-  Moderate  mechanical  load  but  high  thermal  load  due  to  high  flow  velocity  around  the  valve 
clement 

-  High  heat  flux  to  the  actuator,  thermal  Insulation  of  the  actuator  may  be  problematic 

-  Unfavorable  for  use  with  hlcjily particle-laden  flow  due  to  the  depositing  risk 

-  Excellent  functional  safety  for  gas  flow  with  moderate  temperature  and  low  particle  loading; 
hardly  applicable  to  highly  particle-laden  flow. 

-  Moderate  cost.  If  applied  to  an  adequate  fuel  flow  environment 

Expensive  material  may  be  required  for  tne  blade  If  the  valve  Is  used  In  high  temperature  flow. 

(2)  Translatory  Plunger 

-  Little  space  Is  needed  for  the  valve  but  onslderable  volume  may  be  required  for  the  actuator 

-  Feasible  but  unfavorable  If  more  than  one  throat  Is  desired 

-  Translatory  seal  may  pose  severe  problems  when  the  valve  is  applied  to  high  temperature  particle- 
laden  fuel  flow 

•  High  actuation  loads 

-  High  mechanical  loads  due  to  a  non-uniform  force  distribution  around  the  control  element;  high 
thermal  load  due  to  high  gas  flow  velocity  around  the  control  element 

-  High  heat  flux  Into  valve  and  actuator;  thermal  Insulation  of  the  actuator  may  be  problematic 

-  High  depositing  risk  when  used  In  particle-laden  flow 

-  Medina  functional  safety  for  the  application  to  gas  flow  with  moderate  temperature  and  low 
particle  loading,  due  to  the  mechanical  and  thermal  loads  at  the  control  element  as  well  as  to 
the  high  actuation  loads.  Low  functional  safety  for  the  application  to  high  temperature  or 
highly  particle-laden  flow 

-  Costly  because  of  the  power  requirement  of  the  actuator  and  the  need  for  soph*st1cated  design 
and  the  use  of  expensive  materials  for  the  control  element  If  the  valve  Is  used  In  high 
temperature  flow. 

(3)  Needle  Valve  -  Opposite  to  Flow  Direction 

-  Highly  space-consnalng  for  the  uni-axial  configuration  of  valve  and  actuator.  Alternative  config¬ 
urations  with  lateral  actuation  are  feasible  but  exhibit  a  complex  design.  High  space  require¬ 
ment  of  the  actuator. 

-  Feasible  but  unfavorable  If  more  than  one  throat  is  desired 

-  Extremesealing  problems  since  the  rod  housing  inevitably  forms  a  stagnation  point  for  the  flow 

•  High  actuation  loads 

-  Moderate  mechanical  load  but  nigh  thermal  load  due  to  high  flow  velocity  around  the  valve 

-  High  heat  flux  Into  valve  and  actuator;  thermal  insulation  of  the  actuator  is  highly  problematic 

-  High  risk  that  deposits  are  formed  at  the  rod  and  the  orifice  when  used  In  particle-laden  flow 

-  Medium  functional  safety  for  the  application  to  gas  flow  with  moderate  temperature  and  low-to- 
zero  particle  loading.  Hardly  applicable  to  high  temperature,  highly  particle-laden  flow 

-  Costly,  because  of  the  power  requirement  of  the  actuator  and  the  complex  design  of  rod  guide 

and  sealing.  Expensive  material  Is  required  for  the  rod.  If  the  valve  Is  used  In  high  temperature 
flow. 
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(4)  Needle  Valve  -  Parallel  to  Flow  Direction 

-  Reasonable  configuration  only,  when  accommodated  in  the  gas  generator. 

Medium  to  high  space  requirement  for  the  valve  installation;  high  volume  requirement  for  the 
actua'or;  lateral  actuation  is  mandatory  and  feasible  but  includes  complex  design  using  lever 
bars.  Even  a  rotary  actuation  is  feasible. 

Configuration  with  several  throats  are  feasible 
Sealing  Is  difficult  but  feasible 
High  actuation  loads 

-  Moderate  mechanical  load  but  partially  high  thermal  load  due  to  high  flow  velocity  around  the 
control  element 

-  Potentially  high  heat  flux  Into  valve  installation  and  the  actuator 

-  Thermal  Insulation  of  the  actuator  may  be  more  easily  accomplished  than  for  configuration  (3) 

-  Deposits  may  be  formed  at  the  orifice  and  less  likely  at  the  rod.  Deposits  are  not  necessarily 
detrimental  to  valve  function  if  the  throat  gap  is  wide  and  sufficient  valve  lift  is  provided. 

-  Medium  to  high  functional  safety  even  for  the  application  to  high  temperature,  highly  particle- 
laden  flow. 

-  Costly,  because  of  the  high  power  requirement  of  the  actuator  and  tlte  complex  design  of  the  act¬ 
uating  layer  system.  The  use  of  expensive  material  may  be  mandatory  for  the  control  element  and 
the  actuating  lever  system. 
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(5)  Gate  Valve 

The  gate  valve  in  some  kind  is  a  variant  of  the  translatory  plunger  accommodated  in  the  gas  generator.  The 
translatory  gate  covers  part  of  the  gas  generator  outlet  forming  a  variable  throat.  The  translatory  motion 
has  usually  to  be  transformed  Into  a  rotary  motion  to  accomplish  a  feasible  and  compact  actuation.  Alter¬ 
natively,  the  translation  of  the  gate  may  be  accomplished  more  favorably  by  rotating  an  eccentrically 
shaped  disk. 

-  Medium  space  requirement  for  valve  installation  and  actuator 

-  Configurations  with  several  throats  are  feasible 

-  Sealing  is  feasible  for  rotary  actuation 

-  Comparatively  low  actuation  loads 

Moderate  mechanical  and  thermal  load.  Partially  low  flow  velocity  around  the  control  element 

-  Medium  heat  flux  Into  valve  and  actuator.  Thermal  insulation  of  the  actuator  is  feasible. 
Deposits  may  be  formed  at  the  deadwater  region  of  the  downstream  side  of  the  gate.  Stripping 
off  deposits  when  the  valve  moves  may  Increase  actuating  loads. 

-  Medium  to  high  functional  safety  even  for  the  application  to  high  temperature,  highly  particle- 
laden  flow. 

-  Moderate  cost  referring  to  actuator  and  design  complexity.  The  use  of  expensive  thermally 
resistant  material  may  be  mandatory  for  the  gate  element 


(6)  Disk  Valve 

The  basic  arrangement  of  the  disk  valve  is  similar  to  the  needle  valve  parallel  to  flow  direction  (4),  The 
valve  is  accommodated  in  the  gas  generator  and  laterally  activated  by  means  of  a  lever  system. 

-  Medium  to  high  space  requirement  for  the  valve  Installation;  high  space  requirement  for  the 
actuator 

-  Configurations  with  several  throats  are  feasible 

-  Sealing  is  difficult  but  feasible 

-  High  actuation  loads 

High  mechanical  load;  partially  high  thermal  load  due  to  high  flow  velocity  at  the  downstream 
side  of  the  control  disk. 

-  Medium  heat  flux  into  valve  and  actuator;  thermal  insulation  of  the  actuator  Is  feasible 

-  Comparatively  small  valve  lift  (depending  on  the  diameter  of  the  gas  generator  outlet)  leads 
to  a  narrow  throat  gap  of  the  valve.  High  clogging  risk  at  narrow  gaps  excludes  the  disk  valve 
from  the  application  to  gas  flow  with  considerable  particle  loading. 

-  Medium  to  high  functional  safety  for  the  application  to  gas  flow  with  low-to-zero  particle 
loading  (where  another  valve  design  like  (1)  may  be  the  better  choice).  Hardly  applicable  to 
highly  particle-laden  flow. 

-  Costly,  because  of  the  high  power  requirement  of  the  actuator,  the  complex  design  of  the  actuating 
lever  system.  The  use  of  expensive  material  may  be  mandatory  for  the  disk  element. 

The  selection  of  an  appropriate  actuator  for  the  control  valve  depends  strongly  an  the  actuation  load  of  the 
valve.  An  electrical  actuation  is  frequently  desirable  due  to  aspects  of  the  missile  system.  However,  electrical 
actuation  is  restricted  to  moderate  actuation  loads  because  of 

limited  power  supply  of  the  missile  system 
volume  requirement  of  high  power  electromotors 

-  thermal  problems. 

High  actuation  loads  may  be  handled  using  pneumatlcal  or  hydraulical  actuators.  If  a  pressurizing  system  does 
not  exist  in  the  missileanair  turbine  fed  by  tap  air  from  the  Intakes  may  be  applied.  However,  a  pneumatical 
or  hydraulical  actuation  is  space-consuming  due  to  the-  required  auxiliary  valves  and  power  supply. 

Several  types  of  thermally  resistant  materials  may  be  applied  to  valve  components: 

-  high  melting  metals  like  molybdenum  or  tungsten 
ceramic  material 
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The  application  of  high  meltlngmetals  Is  a  customary  and  safe  approach  but  It  Includes  a  considerable  weight 
penalty.  Ceramic  materials  are  exhibiting  a  lower  density  and  are  highly  temperature  resistent.  However, 
some  ceramics  are  sensitive  to  the  thermal  shock  occurring  at  the  Ignition  of  the  propellant.  The  manufact¬ 
uring  of  ceramic  components  of  complex  shape  Is  very  expensive.  Components  made  of  graphite  or  CFC  exhibit 
medium  to  low  densities  und  high  thermal  resistance.  If  such  components  will  be  exposed  to  particle-laden 
flow,  usually  an  impregnation  or  coating  of  ceramic  material  at  the  surface  Is  needed  to  avoid  erosion. 

Surface  coating  may  also  be  considered  to  protect  thermally  stressed  valve  components.  Spinels  and  zirconium- 
oxide  can  be  quoted  as  examples  of  coating  materials. 
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3.3.2  Alternative  Concepts  for  Fuel  Flow  Modulation 

Some  alternative,  somewhat  exotic  concents  for  fuel  flow  modulation  shall  be  presented  below. 
Retractable_Silyer_W1res 

This  concept  is  illustrated  by  figure  3.15.  It  Is  based  on  a  bum  rate  Increase  around  a  silver  wire  embedded 
In  the  propellant  which  Is  due  to  Increasedconductive  heat  flux  into  the  propellant  effected  by  the  wire. 

A  local  Increase  In  bum  rate  leads  to  a  conical  shape  of  the  combustion  surface.  When  several  silver  wires 
are  axially  embedded  at  regular  Intervals  in  an  endbuming  propellant  (as  shown  by  fig.  3.15),  a  cone  will 
be  forwed  around  each  silver  wire  leading  to  an  Increased  burning  surface  and  an  increased  fuel  flow.  When 
the  slver  wires  are  retracted  behind  the  burning  surface  by  a  skilful  mechanism  and  a  locally  Increased  heat 
flux  Into  the  propellant  does  no  more  exist,  the  burning  surface  equalizes  after  some  time  due  to  the  uniform 
bum  rate.  Consequently,  this  concept  for  fuel  flow  modulation  means  a  controlled  variation  of  the  burning  * 
surface  instead  of  a  variation  of  the  burn  rate.  The  logic  of  the  control  loop  may  be  based  on  the  evaluation 
of  the  ejected  mass  flow  through  a  constant  sonic  throat  (measurement  of  gas  generator  pressure  and  temp¬ 
erature). 

Various  disadvantages  and  hardly  estimable  risks  ’re  Inherent  In  this  concept: 

-  The  achievable  burn  rate  Increase  by  means  of  silver  wires  is  limited  to  a  ratio  of  3  to  4,  con¬ 
sequently  (according  to  geometrical  considerations),  the  ratio  of  surface  increase  being  effected 
by  the  coning  is  limited  to  about  4.  The  resulting  narrow  cones  (cone  angle  *»  30  degrees)  will  pose 
problems  concerning  burning  characteristics. 

-  The  response  time  of  the  system  may  be  poor  depending  cn  the  time  needed  for  the  formation  of  the 
cones  and  the  equalization  of  the  burning  surface,  respectively.  The  response  time  will  Improve,  If 
the  number  of  silver  wires  and  cones  is  increased. 

The  response  time  problem  of  pressurizing  or  depressurizing  the  empty  gas  generator  volume  when  gas 
production  changes  and  has  to  be  fed  through  a  constant  throat,  is  also  Inherent  for  this  control 
concept.  However,  no  fuel  flow  overshoot  will  occur  during  a  control  action. 

The  axial  bores  in  which  the  wires  are  drawn  ,  probably  need  to  be  Insulated  to  avoid  conical  burning 
Induced  by  entering  combustion  gases  when  the  silver  wire  Is  withdrawn. 

-  Since  pressure  Is  a  fairly  Insensitive  Input  parameter  for  the  control  loop  to  adjust  wire  drawing  to 
the  actual  bum  rate,  control  accuracy  and  control  stability  are  questionable. 

The  overall  functional  safety  of  a  wire  drawing  mechanism  Is  questionable  either.  The  space  needed 
for  the  accommodation  of  this  mechanism  may  be  considerably  greater  than  for  a  control  valve. 

The  manufacturing  of  the  propellant  and  the  embedded  wire  system  will  be  highly  complex  and  expensive. 

The  concept  of  retractable  silver  wires  for  fuel  flow  modulation  exhibits  no  favorable  features.  Its  realiza¬ 
tion  seems  to  be  hardly  feasible.  j 

Longitudinal.Iubes 

An  Igcrease  of  the  burning  surface  by  coning  Is  also  effected  by  a  concept  proposed  by  Thlokol.  The  THERMA- 
TROL  (Thiokol  Heat  Exchange  Rocket  Motor  Augmented  Rate  Control)  concept  employs  small  diameter  metal  tubes 
embedded  longitudinally  In  an  endburnirig  grain.  The  forward  tube  ends  (at  the  bottom  of  the  grain)  are 
connected  to  a  flow  rate  control  system',  Hence  for  this  concept  the  heat  flux  into  the  propellant  (to  effect 
coning)  Is  delivered  by  the  combustion  gas  flowing  through  the  longitudinal  pipes. 


Most  statements  brought  up  concerning  ttie  silver  wire  system  do  also  apply  to  this  concept.  Feasibility  of 
the  THERMATROL  concept  may  be  somewhat  Superior  to  the  silver  wire  concept. 

Matrl x_Propel T ant 

Another  concept  (cf.  fig.  3.16)  proposes  to  compose  two  different  propellants  to  a  so-called  matrix  grain. 
According  to  this  concept,  preproduced  granules  of  one  propellant  would  be  added  to  the  mix  of  the  other 
propellant.  By  this  way,  a  high  energy  propellant  which  is  not  pressure  sensitive  could  be  embedded  in  a 
highly  pressure  sensitive  propellant  exhibiting  a  low  energy  content.  Fuel  flow  modulation  would  be  effected 
by  bum  rate  variation  of  the  pressure  sensitive  propellant  according  to  para.  3.1.3.  The  granules  of  the 
high  energy  propellant  would  be  ejected  from  the  burning  surface  by  the  combustion  gases  of  the  pressure 
sensitive  propellent,  somewhat  similar  to  erosive  burning. 

Basically,  this  alternative  concept  for  fuel  flow  modulation  may  be  feasible.  Nevertheless,  two  objections 
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will  not  retch  very  high  values. 


-  A  possibly  low  deqree  of  decomposlton  of  the  ejected  high  energy  propellant  granules  may  be  highly 
unfavorable  for  afterburning  efficiency. 

-  Propellant  processing  will  be  highly  complex  and  expensive.  Poor  mechanical  and  aging  properties  of 
the  matrix  propellant  can  be  anticipated. 

This  concept  (cf.  fig.  3.17)  acts  somewhat  similar  to  the  application  of  silver  wires.  Here,  a  central  rod 
made  of  a  pressure  sensitive  low  energy  propellant  Is  embedded  In  a  tubular  high  energy  propellant  which 
Is  not  pressure  sensitive  (a  configuration  similar  to  a  candle).  The  core  propel  1  ant  is  embedded  In  the 
tubular  propellant  without  Insulation.  The  gas  generator  pressure  Is  controlled  by  a  valve.  The  core  prop¬ 
ellant  needs  to  exhibit  the  same  burn  rate  as  the  tubular  propellant  at  the  lowest  required  burn  rate  level. 
When  the  valve  closes  and  pressure  rises,  the  bum  rate  of  the  core  propellant  Increases  and  effects  a 
more  or  less  significant  coning  depending  on  the  bum  rate  ratio  r  ,  :  r.  .  .  Fuel  flow  modulation  again 
Is  done  by  a  variation  of  the  burning  surface. 

Of  course,  several  axial  propellant  rods  embedded  at  regular  Intervals  may  be  used  Instead  of  one  core 
propellant.  Reviewing  this  concept,  the  following  critical  remarks  shall  be  added: 

-  The  loss  of  energy  content  of  the  overall  propellant  is  lower  than  for  the  matrix  propellant  but  Is 

not  negligible,  especially  If  more  than  one  low  energy  rod  Is  used. 

-  The  achievable  TDR  Is  limited  since  the  area  ratio  of  a  plane  and  conically  shaped  burning  surface  equals 

to  sin  (a/2)  where  a  Is  the  cone  angle.  Consequently,  sn  area  ratio  of  5  corresponds  to  a  cone  angle  of 

23  degrees. Obviously,  the  accurate  handling  of  such  narrow  cone  angles  can  hardly  be  estimated  to  be 
feasible  (erosion,  mechanical  properties  of  the  propellant). 

-  The  control  logic  corresponds  to  the  one  applied  for  pressure  sensitive  propellants  (cf.  para.  3.3.1) 
while  the  control  accuracy  may  be  Inferior. 

-  The  system  response  to  a  control  action  and  inherent  problems  correspond  to  the  silver  wire  system. 

-  Complex  and  costly  manufacturing  procedures  can  be  anticipated  for  the  propellant,  mechanical  and  aging 
properties  are  questionable. 

No  advantages  can  be  stated  for  this  concept  concerning  simplicity,  control  accuracy  or  volume  requirement 
(since  a  ccntrol  valve  Is  mandatory).  The  feasibility  may  be  estimated  to  be  superior  to  the  silver  wire 
system.  The  concept  of  coaxial  propellant  may  be  applied  when  pressure  sensitivity  of  the  high  energy  prop¬ 
ellent  cannot  be  effected  by  variation  of  the  propellant  formulation  and  the  requirements  stated  for  TDR, 
control  response  and  control  accuracy  are  moderate. 

§i29?^.Er2P?ll2D^S 

If  only  two  (or  a  maximum  of  three)  fixed  levels  are  required  for  fuel  flow  and  if  sequence  and  duration  are 
predetermined  for  these  mass  flow  levels,  the  application  of  propellants  with  different  bum  rate  levels 
offers  a  simple  and  reliable  concept. 

Different  propellant  types  may  be  cast  one  on  another  or  the  gas  generator  may  be  divided  Into  different 
chambers  which  are  Ignited  and  operated  Independently.  Trie  use  of  several  primary  combustion  chambers  leads 
to  a  low  volume  efficiency  and  an  Increase  In  structure  weight.  Usually,  mission  requirements  are  prohibitive 
to  the  application  of  this  simple  concept. 


3.4  RAM-COMBUSTOR 

Three  topics  have  to  be  discussed  concerning  ram-combustor  design: 

-  optimization  of  the  geometry  to  achieve  high  combustion  efficiency 

-  thermal  protection  of  the  combustion  chamber 

-  thrust  nozzle  design  and  thermal  protection 

Especially,  the  first  Item  Is  reviewed  In  some  detail  in  the  next  paragraph,  since  there  are  characteristic 
aspects  Inherent  In  the  SPR  system.  Insulation  problems  and  thrust  nozzle  design  are  similar  to  other  ram 
type  engines  and  are  only  shortly  discussed. 


3.4.1  RAM-COMBUSTOR  CONFIGURATION  [  4 ,  15,  16,  17,  18,  197 

The  basic  design  of  the  ram-combustor  (secondary  combustion  chamber)  Is  mainly  determined  by  the  missile 
configuration.  Different  air  Intake  configurations  are  presented  by  figure  3.t8.  A  lateral  arrangement  of 
two  or  more  air  Intakes  usually  leads  to  a  side  dump  configuration  of  the  ram-combustor.  A  chin  ar  ventral 
Intake  or  a  non- Integra ted  design  of  the  propulsion  module  are  favorable  to  the  application  of  a  coaxial 
ram-combustor  configuration. 

Possible  ram-combustor  configurations  are  schematically  schown  by  fig.  3.19,  along  with  some  examples  of 
detailed  design  patterns. 


7-15 


are  predetermined  by  the  required  mission  envelope  of  the  propulsion  system.  These  are: 

-  equivalence  ratio 

-  chamber  pressure 

-  thrust  nozzle  throat  area  (l.e.  combustion  chamber  contraction  ratio) 

-  chamber  length 

The  figures  for  total  mass  flow  through  the  ram-combustor, the  equivalence  ratio  and  the  chamber  contraction 
ratio  result  from  the  required  thrust  level.  All  three  parameters  together  determine  the  chamber  pressure. 
The  chamber  length  usually  corresponds  to  the  required  length  of  an  integrated  boost  motor. 

The  equivalence  ratio  (determining  combustion  temperature)  and  the  chamber  pressure  have  a  strong  Influence 
on  the  combustibility  characteristics  of  most  types  of  fuel  components.  The  chamber  length  and  the  chamber 
contraction  ratio  determine  the  residence  time  of  the  combustion  products  In  the  ram-combustor  which  is  a 
very  Important  parameter  for  the  efficiency  of  particle  combustion. 

As  a  consequence,  the  optimization  of  the  ram-combustor  geometry  Is  restricted  to  the  following  subjects: 

-  To  provide  proper  mixing  of  the  fuel-rich  primary  combustion  products  and  the  ram  air  (possibly  for  a 
wide  range  of  operating  conditions) 

-  To  provide  local  variations  of  the  equivalence  ratio  different  from  the  overall  figure  which  may  be 
favorable  to  the  combustion  of  high  energy  fuel  components  exhibiting  marginal  combustibility  character¬ 
istics.  Variations  of  the  equivalence  ratio  are  effected  by  special  flow  patterns  like  recirculation 
zones. 

-  To  provide  a  uniform  pressure  and  temperature  profile  upstream  of  the  thrust  nozzle  to  get  optimum  use 
of  the  expansion  flow  In  the  divergent  part  of  the  nozzle. 

Beside  a  high  combustion  efficiency , It  Is  a  main  objective  of  the  ram-combustor  optimization  to  provide 
autoignition  of  the  secondary  combustion  (If  the  temperature  of  the  primary  combustion  products  Is  adequate). 

Since  the  usually  required  accommodation  of  an  Integrated  booster  Is  prohibitive  to  any  Installation  (e.g. 
flameholders)  In  the  ram-combustcr,  the  aforementioned  optimization  goals  must  be  achieved  by  proper  design 
of 

-  the  air  Injection  Into  the  ram-combustor 

-  the  fuel  Injection. 

It  Is  obvious  that  there  Is  no  general  approach  to  the  optimization  of  these  geometrical  parameters.  Optimiz¬ 
ation  depends  on  the  predetermined  overall  ram-combustor  configuration  (coaxial  or  lateral  air  Injection) 
and  the  applied  fuel  components  (particle  loading,  combustibility).  Conseouently,  only  some  major  aspects 
can  be  discussed  In  this  place. 

Air_ Inject ion 

Generally,  three  major  parameters  are  available  to  optimize  air  Injection: 

-  air  Injection  angle 

-  air  Injection  velocity  (l.e.  area  of  air  Inlet  Into  the  ram-combustor) 

-  shape  of  the  air  Inlet 

Additionally,  vanes  or  similar  Installation  may  be  Inserted  In  the  air  Inlet  In  order  to  effect  flow 
deviation  or  swirl. 

A  high  angle  of  air  Injection  applied  to  a  lateral  combustor  configuration  or  swirl  applied  to  a  coaxial 
geometry  may  be  favorable  to  combustion  efficiency  due  to  efficient  mixing  ot'  air  and  fuel  within  a  short 
distance.  This  Is  especially  true  for  gaseous  primary  combustion  products.  If  major  portions  of  condensed 
phases  are  Included  In  the  primary  combustion  products  and  the  equivalence  ratio  Is  on  the  lean  side 
however,  rapid  and  complete  mixing  of  air  and  fuel-rich  gas  and  the  resulting  cooldown  of  tiw  condensed 
phases  may  be  detrimental  to  combustion  efficiency.  The  last  statement  also  applies  to  autoignition.  A 
penalty  In  terms  of  an  Impulse  loss  Is  Inherent  In  any  flow  deviation  of  the  ram  air.  The  magnitude  of 
the  Impulse  loss  Is  proportional  to  the  sine  of  the  flow  deviation  angle. 

A  high  air  Injection  velocity  may  improve  mixing  and  combustion  characteristics  for  lateral  combustor 
configurations.  It  may  be  helpful  to  break  up  highly  particle-laden  jets  of  primary  combustion  products. 
However,  the  objection  stated  for  the  air  Injection  angle  concerning  rapid  and  complete  mixing  of  air  and 
fuel  applies  to  the  air-injection  velocity.  A  high  air  Injection  velocity  Is  effected  by  throttling  at  the 
intake  port  to  the  ram  combustor.  Throttling  of  the  air  flow  leads  to  a  loss  of  total  pressure.  Total 
pressure  loss  being  a  performance  related  parameter  should  be  kept  low. 


A  particular  shape  of  the  air  Inlet(s)  may  be  designed  to  Induce  high  local  turbulence  or  to  adjust  the  clncum 
ferentlal  or  axial  extension  of  air  Injection  (e.g.  using  rectangular  Instead  of  circular  Intake  ports).  An 
appropriate  geometry  of  the  air  Inlet  may  be  Important  for  the  combustion  of  fuel  gas  containing  high 
portions  of  condensed  phases.  A  sophisticated  shape  of  the  Intake  ports  poses  severe  problems  to  the  design 
of  the  port  covers  which  seal  the  air  ducts  during  the  operation  of  the  Integrated  booster. 

The  axial  position  of  the  air  Injection  Is  a  geometrical  parameter  which  applies  only  to  lateral  air  Intake 
configurations.  A  downstream  positioned  side  dump  configuration  of  air  Injection  has  to  use  a  high  Injection 
angle  to  get  advantage  of  a  recirculation  to  be  formed  In  the  combustor  dome. 
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duct  near  the  intake  pert  of  the  combustor  by  upstream  or  downstream  orientated  injectors  similar  to 
customary  configurations  of  CRJ's.  Primary  combustion  products  of  high  temperature  or  with  significant  part¬ 
icle  loading  have  to  be  fed  into  the  dome  of  the  ram-combustor.  This  being  the  case,  the  following  geometrical 
parameters  are  available  to  optimize  fuel  Injection: 

-  fuel  injection  angle  relative  to  air  injection 

-  number  of  fuel  injectors 

-  angular  and  radial  position  of  the  fuel  injectors 

-  fuel  injection  velocity 

-  shape  of  the  fuel  injector 

A  wide  angle  Included  by  air  and  fuel  gas  injection  (e.g.  a  perpendicular  configuration)  is  desirable  to 
provide  proper  mixing.  On  the  other  hand,  a  high  amount  of  particle  loading  in  the  primary  combustion  products 
may  be  prohibitive  to  wide  angles  included  by  fuel  injecto-s  and  ram-combustor  axis.  Significant  erosion 
can  be  effected  by  particle-laden  fuel  flow  directed  to  the  ram-combustor  wall.  As  a  consequence,  proper 
mixing  of  air  and  particle-laden  fuel  gas  Is  not  easily  achieved  for  a  coaxial  ram-combustor  configuration. 

The  lateral  combustor  design  usually  allows  an  almost  perpendicular  injection  of  air  and  fuel  gas. 

The  number  of  fuel  Injectors  depends  on  the  overall  combustor  configuration.  One  central  fuel  injector  is 
frequently  applied  to  a  coaxial  ram-combustor.  This  Injector  ,  however,  may  feed  through  several  nozzles  or 
ports  ejecting  to  different  directions.  An  impinging  injector  consisting  of  several  Injector  nozzles 
installed  at  regular  inteivals  in  the  air  Intake  port  Is  also  applicable  to  a  coaxial  combustor  configuration 
if  particle  loading  is  low  for  the  primary  combustion  products. 

For  lateral  configurations  the  number  of  fuel  injectors  usually  is  related  to  the  number  of  air  inlets  Into 
the  ram-combustor.  The  angular  and  radial  position  of  the  fuel  Injectors  are  parameters  mainly  applying  to 
the  lateral  ram-combustor  configuration.  Corresponding  angular  positionsof  air  and  fuel  Injection  are 
desirable  to  ensure  break  up  of  particle-laden  fuel  flow.  Furthermore,  it  Is  evident  that  fuel  injection 
atanouter  radial  position  is  more  favorable  to  mixing  than  a  central  fuel  Injection. 

The  optimization  of  fuel  Injection  velocity  depends  on  the  composition  of  the  primary  combustion  products, 
and  the  configuration  selected  for  fuel  injection.  Plume  expansion  downstream  of  a  sonic  nozzle  may  provide 
sufficient  distribution  of  gaseous  primary  combustion  products.  Particles  needing  time  and  distance  for 
velocity  relaxation  possibly  are  not  properly  distributed  by  a  sonic  Injector.  Any  sophisticated  shape  of  the 
fuel  Injectors  designed  to  Induce  particular  flow  patterns  for  mixing  will  only  be  effectivefor  gaseous 
primary  combustion  products.  A  rapid  deviation  of  particle-laden  flow  (e.g.  by  a  vortex)  will  more  likely 
result  In  a  separation  of  gaseous  and  condensed  phases  than  in  an  Improved  distribution  of  the  particles 
due  to  the  aforementioned  two  phase  flow  problems. 

One  Important  aspect  has  to  be  added  concerning  fuel  Injector  optimization  which  is  not  related  to  combustion 
efficiency.  While  no  major  design  restrictions  are  imposed  when  the  primary  combustion  products  are  pre¬ 
dominantly  gaseous  and  have  a  low  temperature,  any  sophisticated  design  of  the  fuel  Injectors  will  be 
highly  complex  if  not  infeasible  for  high  temperature  particle-laden  fuel  flow.  Remembering  that  depositing 
and  erosion  risks  are  Inherent  in  particle-laden  flow  and  high  heat  flux  exists  in  narrow  gas  pipes  and  bends, 
there  should  be  two  additional  objectives  for  fuel  injector  design: 

-  To  minimize  the  duct  length  between  gas  generator  and  ram-combustor 

-  To  avoid  complex  flow  patterns 

The  use  of  thermally  resistant  materials  may  be  required  for  fuel  Injector  components.  For  this  purpose,  all 
materials  quoted  in  para.  3. 3. 1.2  referring  to  control  valve  components  can  be  applied. 


3.4.2  Thermal  Insulation  C  10,  11  / 

Obviously,  an  insulation  of  the  ram-combustor  Is  required  to  protect  the  structure  from  the  hot  combustion 
gas.  The  application  of  an  ablative  layer  is  customary  for  the  SPR  system  as  well  as  for  CRJ's.  This  material 
usually  consists  of  a  silicon  rubber  filled  with  different  portions  of  carbonaceous  or  ceramic  fibers  or 
powder.  Fillers  are  added  to  Improve  Insulating  properties  to  adjust  ablation  rate  and  to  ensure  sufficient 
mechanical  properties  of  the  pyrolized  material.  The  ablative  layer  may  be  applied  to  the  combustor  by  centri¬ 
fugal  action  or  by  pressing  depending  on  the  viscosity  of  the  uncured  material. 

Insulation  thickness  should  be  kept  low  since  It  determines  the  diameter  being  allowed  for  the  integrated 
booster.  An  Increase  in  Insulation  thickness  results  in  an  Increase  of  booster  length  referring  to  a  fixed 
booster  mass  and  volume.  The  required  thickness  of  the  insulation  depends  on 

-  heat  flux  into  Insulation  (depending  on  ram-combustor  operating  conditions) 
maximum  temperature  allowed  for  the  structure 

-  operation  time  of  the  engine 

-  ablation  rate 

Insulating  properties  of  the  pyrolized  matrix 

-  rigidity  of  the  pyrolized  matrix 

Problems  have  been  experienced  concerning  the  last  Item  with  CRJ's.  The  pyrolized  Insulator  was  damaged  by 
combustion  instabilities  occurlng  for  equivalence  ratios  near  the  stoichiometric  figure.  Although  the  risk 
of  combustion  instabilities  appears  to  be  inferior  for  the  SPR  (according  to  available  experience),  the 
mentioned  problem  has  to  be  considered  for  the  design  of  the  ram-combustor  insulation. 
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3.4.3  Thrust  Nozzle  /  10,  117 

All  main  aspects  of  thrust  nozzle  design  for  a  SPR  correspond  to  CRJ  design.  However,  two  problems  have  to 
be  considered  additionally  which  may  arise  when  the  combustion  products  of  the  ram-combustor  Include  a 
significant  portion  of  condensed  material.  This  will  occur  when  metals  are  used  as  high  energy  fuel  components. 
In  this  case 

-  there  will  be  a  moderate  risk  of  erosion  or  depositing  which  both  may  degrade  the  contour  of  the  thrust 
nozzle 

two  phase  flow  effects  will  Increase  expansion  losses. 

Both  effects  are  not  very  detrimental  to  engine  performance  and  may  be  minimized  by  adequate  design  of  the 
convergent  and  divergent  nozzle  contours.  The  thrust  nozzle  Is  exposed  to  high  thermal  stress  for  a  long 
duration.  Consequently,  the  application  of  temperature  resistant  materials  is  mandatory.  High  melting  metals 
cannot  be  used  for  the  thrust  nozzle  due  to  the  unacceptable  weight  penalty.  Since  large  ceramic  parts  are 
extremely  expensive  and  still  Imply  a  considerable  manufacturing  risk  these  are  net  exhibiting  a  proper 
solution  either.  Consequently, 

steel  nozzles  with  thermally  reslstent  coatings  (spinels,  zirconium-oxide) 

graphite  nozzles  i  ceramic  coating  or  Impregnation 
CFC  nozzles  J 

should  be  applied. 


3.5  INTEGRATED  BOOSTER  AND  TRANSITION 

The  subject  and  the  Inherent  problem  of  Integrated  booster  and  boost-sustaln  transition  phase  are  common 
to  all  ram-type  engines.  The  Ignition  of  the  sustain  propellant  and  the  subsequent  pressurizing  of  the  gas 
generator  are  the  only  particular  characteristics  of  the  SPR  transition.  Since  a  short  time  span  (usually 
below  200  milliseconds)  Is  needed  for  this  action  It  has  to  be  Included  adequately  In  the  transition  sequence 
of 

-  booster  burn-out 

-  booster  nozzle  separation 

-  opening  of  the  port  covers 

-  Ignition  of  ram- combustion. 

An  additional  device  to  Ignite  ram-combustion  will  not  he  needed  for  the  high  energy  SPR,  due  to  Its  auto- 
ignltlon  feature.  If  an  Ignition  device  is  required  for  a  low  or  medium  energy  SPR  system  the  same  Install¬ 
ation  may  be  applied  as  for  the  CRJ. 


4.  DEVELOPMENT  HISTORY  AND  STATE  OF  THE  ART  [  t ,  2,  4,  12,  13,  14,  207 

At  the  end  of  this  lecture,  some  historical  highlights  of  SPR  development  shall  be  presented  along  with  a 
short  summary  of  the  present  state  of  the  a.-t  and  anticipated  future  applications.  Several  SPR  systems  of 
different  size  were  flight  tested  since  1955.  One  SPR  system  Is  operational  in  the  Soviet  SAM  6  missile. 
These  flight  vehicles  are  shown  by  figure  4.1.  Available  technical  data  are  sunnarlzed  below. 

o  1954/1955:  Four  SPR  flight  tests  carried  out  by  Thiokol 

-  flight  vehicle:  dlam:  2  In  (50  mn);  length:  approx.  28  in  (710  mm) 

-  SPR  engine:  annular  scoop  air  Intake;  fixed  flow  gas  generator 

-  tardem  booster;  ground  launched 

o  1958:  Three  flight  tests  of  FDR3  by  Thiokol 

-  flight  vehicle:  diam:  6,52  In  (168  mm);  length:  approx.  4  ft  7  In  (1,4  m) 

-  SPR  engine:  conical  nose  air  Intake;  coaxial  ram-combustor  configuration,  fixed  flow  gas 

generator 

-  tandem  booster;  ground  launched 

o  1966:  Two  flight  tests  of  SPARM  (solid  propellant  augmented  rocket  motor) 

-  flight  vehicle:  modified  airframe  of  the  AQM37A  drone 

dlam.:  13  In  (330  mm),  length  approx.  12  ft  (3,65  m) 

(length  without  pitot  probe  and  booster  nozzle) 

-  SPR  engine:  2-dlm  ventral  air  Intake;  side  dump  ram-combustor;  staged  propellant  to 

demonstrate  two  level  sustained  thrust. 

-  Integrated  booster,  air  launched 

-  flight  envelope:  Mach  2.5;  flight  altitude  45000  ft  (13  km);  burn  time  182  sec;  range  74  nm  (135  km) 

o  1967:  Soviet  SAM  6/Gainful  becomes  operational 

•  type:  Surface-to-air  tactical  anti-aircraft  weapon 

-  configuration:  Slender  cylindrical  body  with  pointed  nose,  small  cruciform  wings  near  mid¬ 

length  and  cruciform  tall  fins,  four  air  inlet  ducts  between  wings 

-  length:  20  ft  4  In  (6.2  m) 

diameter:  1  ft  (33  cm),  span  (max):  4  ft  1  In  (1.24  m) 

-  weight:  1212  lb  (550  kg) 

-  SPR  engine:  four  lateral  trailing  shock  air  Intakes;  side  dump  ram-combustor;  fixed 
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1976: 


Two  flight  tests  of  an  SPR  experimental  missile  carried  out  by 
the  French  ONERA 


flight  vehicle:  diam.:  15,75  In  (400  mm),  length  18  ft  (5.5  m),  weight  14301b  (650  kg) 

SPR  engine:  four  lateral  bi-conic  air  intakes;  side  dump  ram- combustor,  rod  end  tube 

grain  configuration;  medium  energy  self-pyrollzlng  propellant,  fixed  flow 
gas  generator 
tandem  booster,  ground  launched 

flight  envelope:  ballistic  flight;  culmination  8600  ft  (3  km)  with  Mach  2.1,  approx.  50  sec  of 
sustained  flight;  range  19  nm  (35  km) 


1982: 


Two  test  flights  of  the  EFA  experimental  missile  carried  out  by  the 
German  M8B  (Messerschmltt-Bdlkow-Blohm  GmbH)  company 


-  flight  vehicle:  diam.:  9.45  In  (240  mm),  length  12  ft  (4.2  m) 

SPR  engine:  four  lateral  ha if-axl symmetric  air  Intakes,  side  dump  ram-combustor  configuration; 

endbumlng  grain;  high  energy  propellant  (40  X  boron  loading);  fixed  flow 
gas  generator 

-  tandem  booster,  ground  launched 

-  flight  envelope:  one  ballistic  and  one  guided  flight;  altitude  approx.  4300  ft  (1500  m); 

Mach  2.5 ; high  gslde  maneuvers  during  second  flight 

o  scheduled:  DR-PTV  (ducted  rocket  propulsion  test  vehicle)  by  Hughes 

flight  vehicle:  diam.:  7  In  (178  mm) 

-  SPR  engine:  two  2-dim  lateral  air  Intakes;  side  dump  ram-combustor  configuration; 

endburning  grain,  medium  energy  propellant;  fixed  flow  gas  generator 

-  Integral  nozzleless  booster;  air-launched 

-  in  the  VFDR  (variable  flow  ducted  rocket)  program.  Initiated  In  1982,  a  throttleable  propellant 

of  Increased  energy  content  will  be  developed  for  use  In  the  DR-PTV  system. 

The  present  state  of  SPR  technology  shall  be  Illustrated  by  some  figures  referring  to 

-  propellant  energy  content 
propellant  throtteabll 1 ty 

-  ram-combustion  efficiency 

Concerning  the  energy  ;ontent  of  the  propellant,  a  hypothetical  highly  metallized  formulation  containing 

50  X  boron 

5  X  aluminum 

20  to  25  X  AP 

25  to  20  X  binder 

and  exhibiting  heating  values  of 


1700  -  1800  ^  /  40  -  42 

1°50  TB?  /  W  S* 


MJ 
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may  be  considered  to  be  the  present  feasibility  limit  referring  to  processability,  burning  characteristics 
and  expulsion  efficiency.  Assuming  reasonable  parameters  for  performance  calculation,  a  flight  Mach  number 
of  2.5  and  sea-level  flight,  a  specific  Impulse  of  14000  m/s  can  be  attributed  to  a  SPR  using  the  afore¬ 
mentioned  propellant.  This  figure  :hould  only  be  understood  as  a  rough  hint  for  performance  level. 

As  already  mentioned  In  para.  2,  turndown  ratios  up  to  18  have  been  demonstrated  for  SPR  gas  generator 
propellants. Nevertheless,  referring  to  high  energy  propellant  formulations,  available  Information  Indicates 
that  turndown  ratios  between  5  and  10  more  likely  present  the  current  state  of  the  art. 

Referring  to  afterburning,  there  exists  considerable  experience  with  low  energy  propellantswlthout  solid 
fuel  additives  and  with  highly  metallized  high  energy  propellants  (up  to  40  percent  boron  loading).  Less 
experience  Is  available  for  medium  energy  propellants  with  solid  carbon  or  hydrocarbon  additives  and  low 
to  zero  metallic  loading.  However,  increasing  emphasis  Is  placed  on  the  Investigation  of  this  type  of  SPR 
propellants.  Summarizing  the  available  experience,  the  following  figures  may  be  Indicated  as  state  of  the 
art  (temperature  rise)  afterburning  efficiencies: 


low  energy  propellants 

medium  energy  propellants 

(carbon  or  hydrocarbon  fuel  additives 

low  to  zero  metal  content) 

high  energy  propellant 


>  90  X 

85  to  95  X  (depending  on  ram-combustor  operating  conditions) 
80  to  9b  X  (depending  on  ram-combustor  operating  conditions) 


Problems  concerning  the  design  of  control  valves.  Injectors  and  thrust  nozzles  that  arise  from  high  temperature 
particle-laden  combustion  products  can  be  handled  for  state  of  the  art  propellants.  However,  sophisticated 
design  and  ultimate  use  of  modern  materials  and  manufacturing  technology  are  required  for  the  construction 
of  these  components. 

Finally,  some  possible  future  applications  of  the  solid  propellant  ram  rocket  shall  be  reviewed.  As  already 
Indicated  in  the  Introduction,  the  SPR  Is  a  favorable  candidate  for  the  propulsion  system  of  medium  to  high 
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The  SPR  provides  the  general  advantages  of  ram-type  propulsion  referring  to  range,  sustained  supersonic 
speed  and  the  capability  to  perform  high  g  maneuvers  even  In  the  terminal  flight  phase.  While  the  CRJ  may 
be  preferred  for  extreme  range  requirements  and  for  reusable  vehicles  and  the  SFRJ  may  be  preferably 
applied  where  simplicity,  small  size  and  low  cost  are  the  predominant requl rements ,  there  Is  a  considerable, 
domain  of  mission  profiles  where  the  SPR  features  are  equivalent  or  superior  to  those  of  Its  competitors. 
These  features  are: 

-  direct  control  capability  along  with  relative  simplicity 
autoignition  capability  -  reduced  or  eliminated  flame  out  problems 

-  all  sol  Id  fuels 

-  high  volumetric  heating  value,  application  of  high  density  fuels 

The  SPR  may  replace  the  solid  rocket  propulsion  unit  of  operational  missiles  to  upgrade  their  performance. 
Here  the  SPR  Is  preferable  when  tne  CRJ  is  Incompatible  with  logistic  considerations  (e.g.  liquid  fuel)  and 
the  performance  and  system  flexibility  of  the  SFRJ  are  Insufficient. 

fly  now,  SPR  systems  are  In  discussion  or  under  development  for  the  following  applications: 

Surface-to-surface/antlship:  A  high  energy  SPR  propulsion  unit  (40  percent  boron  loading)  Is  under  develop¬ 
ment  at  MBB/FRG  for  use  In  the  ANS  (antl-navlre-supersonlque)  missile.  ANS 
(cf.  fig.  4.2)  Is  a  French-German  cooperative  project  carried  out  by  SNIAS 
(socletfe  natlonale  Industrlelle  aferospatlale)  and  MBB.  ANS  shall  replace 
missiles  like  Exocet,  Otomat  or  Harpoon  In  the  1990* s. 

Surface-to-air:  SPR  application  to  future  median  range  SAM  systems  Is  discussed  In  the 

European  part  of  NATO.  Even  for  the  short  range  low  altitude  surface-to-air 
mission,  the  application  of  the  SPR  provides  advantages.  A  study  considering 
a  SPR  Roland  missile  (cf.  fig.  4.3)  provides  a  significant  potential  for  range 
Increase  and  a  tallchase  capability  which  does  not  exist  for  the  rocket- powered 
missile. 

Alr-to-surface:  In  this  field,  SPR  application  Is  considered  In  the  USA.  An  alr-to-surface 

mission  with  cruise  flight  at  high  altitude  and  terminal  dive  to  the  target  may 
be  accomplishes  using  a  simple  fixed  flow  SPR  system. 

Air-to-air:  Medium  range  air-to-air  applications  for  the  'PR  are  discussed  In  Europe  and  In 

the  USA.  Possibly,  a  throtteable  variant  of  the  DR-PTV  may  lead  to  a  future 
AMRAAM  (advanced  medium  range  air-to-air  missile)  propulsion  unit. 


5.  CONCLUDING  REMARKS 

This  lecture  reviewed  design  and  performance  characteristics  of  the  solid  propellant  ram  rocket.  The  advanced 
technical  standard  that  has  been  presently  achieved  for  this  propulsion  system  allows  Its  application  with 
moderate  development  expense  and  relatively  low  technical  risk. 

While  no  general  design  or  selection  criteria  can  be  provided  for  a  missile  propulsion  system,  the  lecture 
tried  to  Indicate  major  advantages  as  well  as  problematic  aspects  of  the  SPR  system  to  be  considered  for 
propulsion  system  selection  and  to  present  a  rough  guide  to  performance  tailoring  and  component  design. 

The  author  wishes  to  express  his  particular  thanks  to  all  -hers  of  the  MBB-UA  airbreathing  propulsion  group 
for  their  advice  and  assistance  to  compile  all  the  Infonr-.rion  that  formed  the  basis  of  this  lecture. 
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Fig.  3.1:  Components  of  a  Solid 
Propellant  Ramrocket  (SPR) 
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Fig.  3.2:  Interrelationship  Between  the  ’ropellant  Formation  and  Different  Aspects  of  the 
SPR  Propulsion  System 
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Fig.  3.3b:  Oxidizer  Selection  Trade 
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SUM1ARY 

A  terse  look  at  the  requirements  for  high  speed-long  endurance  missiles  and  the  virtues  of  airbreathing 
propulsion  are  presented  to  support  arguments  for  developing  ramjets  that  employ  supersonic  combustion.  A 
review  of  general  classes  of  inlet  configurations  leads  to  the  selection  of  multiple  Inward  turning  scoop 
(ITS)  configurations  to  serve  as  the  basis  for  engine  cycle  analysis.  A  fixed  geometry  ITS  inlet  is  shown  not 
only  to  have  an  attractive  performance  potential,  but  to  be  quite  versatile  for  use  in  a  variety  of  engine 
configurations.  When  it  is  designed  to  have  full  air  capture  at  a  flight  Mach  number  M^  somewhat  belov  the 

cruise  Mach  number,  it  can  produce  high  pressure  recovery  over  a  wide  Mg  range  with  high  air  capture  during 

cllmbout  at  low  angle  of  attack  a  as  well  as  during  cruise  at  near  optimal  a.  The  geometry  of  a  family  of  ITS 
Inlets  is  examined  to  determine  optimal  configurations  for  various  constraints  and  to  provide  quantitative 
values  for  the  flow  properties  for  entering  the  combustor  analysis. 

A  flow  model  for  the  combustion  process  that  includes  the  major  features  that  have  been  observed  in 
experiments  serves  as  the  basis  for  determining  the  pressure  rise  in  the  shock  train  that  precedes  combustion 
and  the  conditions  at  the  combustor  exit.  Calculations  for  simplified  frictionless  flow  with  constant  specific 
heats  show  that  1)  the  combustor  area  ratio  is  set  by  the  acceleration  requirements  at  the  end  of  boost;  2) 
the  combustor  operates  in  a  subsonic  mode  at  low  Mg  and  in  a  supersonic  mode  at  high  M^;  and  3)  optimal  per¬ 
formance  occurs  when  the  combustor  inlet  conditions  correspond  to  moderate  inlet  contraction  ratios.  Computed 
values  for  the  net  engine  force  coefficient  show  that  forebody  drag  must  also  be  considered  to  determine  the 
optimal  overall  engine  configuration. 


NOMENCLATURE 


A  cross-sectional  area 

A  effective  flow  area 

e 

A^  physical  area 

Aj^  projected  area  of  inlet 

A  surface  area 

w 

CD  forebody  drag  coefficient  “  D/q£)AR 

SAW  *ddltlVe  dra8  ^efficient  -  D^/q^ 

C(.  net  force  coefficient 

Cg  mean  skin  friction  coefficient 

Cj  thrust  coefficient 

D  drag 

Sdd  additive  drag 

S  diameter  or  hydraulic  diameter  at  station  A 


ER 


L 

M 


Sc 

"J 

P 

<J 

R 

s 

*d 

T 


equivalence  ratio 

effective  equivalence  ratio  -  ER*ric 

fuel/alr  weight  ratio 
stoichiometric  fuel/alr  weight  ratio 

net  force  -  T-D-D^gg 

stream  thrust  •  pA  +  pAu1 
constant  in  Eqns.  10,  11 


lift 

Kach  number 

Mach  number  at  which  inlet  obtains  full  capture  at  o  «  0* 


molecular  weight 
pressure 

dynamic  pressure 
gas  constant 

axial  distance  from  origin  of  shock  train 

axial  distance  between  fuel  ports  and  end  of  shock  train 


temperature 


8-2 


angle  of  attack 

inner  scoop  angle  with  respect  to  missile  axis 
ratio  of  specific  heats 
boundary  layer  thickness 
boundary  layer  displacement  thickness 
half-angle  of  conical  compression  surface 

Crocco  parameter  for  pA  processes 

Crocco  parameter  for  processes  between  stations  s  and  a 
combustion  efficiency 

inlet  kinetic  energy  efficiency 
nozzle  efficiency 
boundary  layer  momentum  thickness 
6  flight  path  angle 

8  angle  between  cone  axis  and  ray  passing  through  scoop 

w  leading  edge 

p  density 

Tw  wall  shearing  stress 

8  roll  angle 

emlle  angle  of  ITS  scoop 
0  sector  angle  of  scoop  duct 

tji  flow  angle  along  conical  ray 


a 

8 

Y 

4 

i* 

6 

c 

c 

i 

nc 

\e 

nN 
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Subscripts 


0  free  streen  conditions 

1  conditions  ahead  of  scoop  lip  shock 

2  conditions  in  plane  of  crotch  in  aide  plate 

3  conditions  at  end  of  supersonic  compression  processes 

3'  conditions  corresponding  to  downstream  of  a  normal  shock 

at  station  3 

4  conditions  ahead  of  shock  train 

3  conditions  at  combustor  exit 

6  conditions  ct  nozzle  exit 

c  conditions  on  cone  surface 

CR  flight  conditions  corresponding  to  cruise 

a  effective;  conditions  at  origin  of  6  -  constant  heat  addition 

EOB  flight  conditions  corresponding  to  end  of  boost 

f  fuel 

s  conditions  at  downstream  end  of  shock  train 

w  wall 


Superscript 


mean  value 

conditions  downstream  of  normal  shock 
conditions  at  the  sonic  point 


INTRODUCTION 

The  attractiveness  of  the  supersonic  combustion  ramjet  as  the  poverplant  fur  a  high-speed  missile 
has  been  recognized  for  more  than  twenty-five  years.  Arguments  supporting  the  use  of  the  scramjet  cycle  for  a 
missile  and  comparison  of  performance  with  engines  using  subsonic  combustion  were  presented  in  Ref.  1. 

The  affective  defense  against  future  alr-to-surfaca  missiles,  on-the-deck  attacks,  and  IRBM  attacks  will 
require  major  reduction  in  time- to- Intercept  of  the  defense  missiles,  compared  vlth  presently  available 
surface-to-air  missiles.  For  the  foreseeable  future,  effective  intercept  of  ballistic  missile  warheads, 
as  well  as  air-supported  attacks,  will  occur  within  the  atmosphere,  becacse  the  atmosphere  provides  the 
best  means  for  distinguishing  between  the  ballistic  warhead  which  must  be  destroyed  and  extraneous  re¬ 
entering  material  accompanying  the  warhead  to  which  flrepover  must  not  be  diverted.  The  margin  of  superiority 
of  ramjet  missiles  to  rockets  increases  rapidly  as  missile  speed  increases.  To  provide  equivalent  perfor¬ 
mance  to  a  Mach  7  supersonic  combustion  ramjet  vehicle  at  sea  level,  a  rocket  would  have  to  have  roughly 
three  times  as  much  weight.  Included  in  the  open  literature  (see  e.g. ,  Ref.  2-4)  are  a  number  of  super¬ 
sonic  combustion  ramjets  that  have  progressed  through  the  stage  of  free-Jet  engines  tests. 


Before  proceeding  into  the  main  discussion  of  this  paper,  toss  clarification  in  semantics  is  needed  to 
differentiate  between  the  conventional  subsonic  combustion  ramjet  (CRJ),  the  scramjet  and  a  hybrid  cycle, 
the  dual-combustion  ramjet  (DCR).  As  used  herein,  the  CRJ  is  an  engine  cycle  wherein  there  is  a  normal 
shock  structure  in  the  inlet  compression  system  for  all  operating  conditions  and  all  of  the  heat  addition 
takes  place  in  subsonic  flow.  All  of  these  ramjets  must  be  boosted  to  some  supersonic  end-of-boost  Mach 
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number  (Mggg)  by  •  rocket  engine.  Scramjet  will  refer  to  an  engine  cycle  which  over  et  leeet  son’  ;,rt  of 
the  Hech  (M^)  altitude  (Z)  equivalence  ratio  (ER)  operating  envelope,  heat  la  released  in  superaon  .  tlow. 

Host  practical  ecramjet  engines  for  missile  applications  aust  operate  at  high  ER  upon  the  ramjet  te«.  at 
an  <_  4,  and  at  this  nodest  speed  a  normal  shock  structure  will  be  present  and  sooe.  If  not  all,  .e 

heat  will  be  released  In  subsonic  flow.  This  cycle  is  often  referred  to  as  a  dual-mode  engine,  but  -.1  “V1 
paper  no  distinction  w'll  be  Bade  froa  the  scraajet.  Dual-mode  should  not  be  confused  with  the  UCR,  v  > v 
Is  a  hybrid  engine  cycle  that  combines  a  CRJ  with  a  scramjet  (Ref.  5).  The  moderate  for  the  serai  . 

or  DCR  Is  a  consequence  of  the  optimization  of  a  tandem  or  Integral-rocket-boosted,  fixed-geometry  scramj' 
systea  which  dictates  that  0.55  <_  M^g  ^0.6  M^,  where  Is  the  Mach  number  during  high-altitude 

cruise.  Typically,  6  <_  MCR  <_  8;  thus  *  3-4.  Since  cost  and  complexity  are  key  considerations  in 
detaralnlng  missile  feasibility,  variable  geometry  and  active  cooling  of  the  airframe  are  not  practical.  ' 

Schematic  illustrations  of  the  scramjet  and  DCR  are  shown  In  Fig.  1.  Hose  entry  configurations  are 
shown,  but  aft  entry  configurations  such  as  the  so-called  underslung  engine  (Ref.  6)  have  also  received 
considerable  attention.  Inlets  for  these  engines  are  of  the  external-internal  compression  type  wherein  the 
pressure  rise  Is  obtained  via  a  series  of  weak  shocks  end  regions  of  lsentroplc  compression,  s  portion  of 
which  occurs  In  the  Internal  ducting.  Typical  Inlet  contraction  ratios,  A^/A^,  vary  from  4  to  8  (see  Rrf. 

7).  Whereas  the  Inlet  flow  Is  fully  contracted  at  station  3,  additional  length  must  be  added  In  an  isolator 
section  to  prevent  combustion- induced  disturbances  from  causing  adverse  interactions  In  the  Inlet  (Ref.  8). 

The  coabustor  generally  has  a  diverging  area  to  permit  high  heat  release  at  low  Mg.  In  some  configurations, 

a  step  increase  In  cross-sectional  area  at  the  combustor  entrance  has  ber*r.  used  (see  e.g..  Refs.  9,  10)  to 
help  mitigate  combuator-lnlet  Interactions  and  to  enhance  flame-holding,  ’.he  exhaust  nozzle  has  either  a 
straight  or  a  contoured  shape  and  the  demarcation  between  cimbustor  <md  nozzle  Is  the  change  In  shape  rather 
than  the  point  of  completion  of  heat  release.  All  of  the  fuel  can  be  added  at  the  combustor  entrance  or 
fuel  Injectors  can  be  staged  at  several  axial  stations.  The  latter  method  can  be  used  as  a  means  of  adjusting 
the  effective  erea  ratio  of  tb  combustor  thereby  enhancing  p  rfomance,  but  at  the  expense  of  weight, 
complexity  and  cost.  Instream  injectors  have  been  given  consideration,  but  with  some  trepidation  due  to  the 
difficulty  In  providing  adequate  structural  Integrity,  Injection  ftoa  ports  In  the  wull  Is  preferred. 

If  the  scramjet  aust  operate  at  MQ  <  4.5,  which  la  generally  the  case,  the  static  temparrture  In  the 

combustor  Is  below  the  autolgnltlon  point  of  conventional  hydrocarbon  fuels  such  as  JP-5  and  RJ-5.  For 
these,  some  type  of  piloting  system  la  needed  and  piloting  has  proven  difficult.  Even  vhen  Ignition  has 
been  obtained,  flame  spreading  has  been  minimal  and  reaction  rates  slow  compared  with  typical  residence  times 
of  1-2  ms.  Highly  reactive  fuels  such  as  HICal  3-D  (a  blend  of  aono  and  higher  ethyldecaboranea)  and  penta- 
borane-hydrocarbon  blends  autolgnlte  and  burn  rapidly  at  static  temperatures  at  least  as  low  as  that  corres¬ 
ponding  to  Mq  ■  3.5  and  have  been  used  in  free-jet  engine  test  demonstrations  of  the  scramjet  (Ref.  2). 

Unfortunately,  these  fuels  are  expensive,  toxic,  pyrophoric  at  room  conditions,  and  no  longer  in  production. 

It  was  these  limitations  which  led  to  the  concept  of  the  DCR. 

The  DCR  is  conceptually  a  scramjet  with  a  large  pilot  burner.  The  Inlet  slrflcw  Is  split  so  that  20- 
25  percent  la  directed  Into  a  "dump-type"  subsonic  coabustor,  herein  called  the  gas  generator.  Because  the 
flow  Is  subsonic,  the  static  temperatures  are  higher  and  Ignition  and  combustion  can  be  obtained  as  In  any 
well  designed  CRJ.  From  both  an  engine  cycle  efficiency  standpoint  and  a  design  simplicity  standpoint.  It  Is 
advantageous  to  add  all  of  the  fuel  in  the  gas  generator  and  eliminate  the  need  for  a  fuel  injection  systea 
for  the  aaln  supersonic  combustor.  This  neane  that  for  all  overall  engine  tuel/alr  equivalence  ratio  (ER) 
requlreaente  greater  than  the  value  corresponding  to  the  fractional  air  flow  split  (gas  generator/total) ,  the 
gas  generator  operates  In  excess  of  stoichiometric.  The  bulk  of  the  air  captured  by  the  Inlet  Is  ducted 
supersonically  around  the  gas  generator  to  the  main  coabustor  entrance.  Refer  to  Fig.  lb.  The  downstream 
portion  of  this  duct  serves  as  a  coabustor- inlet  Isolator.  The  hot,  generally  fuel-rich  effluent  from  the  gas 
generator  nixes  and  reacts  with  the  main  flow  before  passing  through  the  exhaust  nozzle.  Presuming  that  the 
gas  generator  can  operate  efficiently  over  a  wide  ER  range,  the  designer  can  tailor  the  air  split  and  the  erea 
of  the  discharge  port  of  the  gas  generator  to  obtain  optimal  performance  for  a  given  application. 

INLET  DESIGN 

Before  presenting  In  detail  the  current  understanding  of  the  physical  processes  and  the  state-of-the-art 
of  the  analytical  tools  that  are  used  to  analyze  supersonic  combustion,  various  concepts  for  scramjet  and  DCR 
Inlet  designs  will  be  discussed.  The  literature  la  rich  (see  e.g..  Ref.  11)  viti.  the  results  of  engine  cycle 
calculations  that  give  the  requirements  fo»  ,.  lr  capture,  Inlet  compression  ratio  and  efficiency  that  result  In 
a  competitive  propulsion  cycle.  Soma  genera’  guidelines  are:  the  Inlet  contraction  ratio  should  be  sufficient 
to  pv  tvlde  0.35  <  M3/Mq  <_  0.50j  at  Mg0g  the  ir  capture  ratio  Aq/A^  should  be  no  less  than  0.6  to  0.7  of  the 

aaxlaum  air  capture  ratio;  the  Inlet  kinetic  energy  efficiency  prior  to  any  shock  structure  In  the  isolator 
should  be  no  less  than  0.95;  the  cowl  lip  an;  wave  drag  must  be  low;  and  operation  at  angles-of-att -ck,  a,  of 
12*  or  greater  should  be  tolerated  without  c  usl'ig  engine  unstart.  These  requirements  have  been  paramount  in 
the  design  etrategles  employed  in  the  develo  aent  of  the  three  types  of  Inlets  shown  In  Fig.  2. 

Figure  2a  is  a  nodular  or  Busemann-type  inlet  wherein  the  flowfleld  into  each  Inlet  module  is  in  effect  a 

section  of  a  fully  internally  contracting  flowfleld  that  has  been  cut  along  streamlines  and. turned  Inside  out. 

The  swept  "cowl”  leading  edges  are  shaped  to  follow  the  Intersection  of  the  first  compression  wave  with  the 

captured  free  eireamtube  when  the  Inlet  Is  operating  tt  its  design  Mg  and  at  a  »  0*.  The  sweep  angles  ate 

typically  greater  than  60*,  therefore  the  leading  edge  drag  and  heat  tranofer  rates  are  alnlmal.  Theoretical 
tools  have  been  developed  (see  e.g.,  Ref.  12)  which  can  provide  contours  for  compression  surfaces  for  any 
desired  contraction  ratio  up  to  that  corresponding  to  M-  “  1.  Practical  designs  are  limited  to  contraction 
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•)  Supertonic  combuition  ramjet  (icramjet) 
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b)  Duel  combuition  ram  jut. 

Fig.  1  Schematic  illuttrationi  of  hypertonic  ramjet  engines. 


■)  SECTIONAL  VIEW  OF  MODULE  ON  BUSEMANN  TYPE  INLET 
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SHOCK  TRAP 


BLEED  FLOW 


b)  SIDE  VIEW  OF  SHOCK  TRAP  TYPE  INLET 
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contraction  than  would  be  allowable  In  the  fully  internally  contracting  counterpart  because  the  controlling 
area  to  meet  the  atartlng  criterion  la  the  cross-sectional  area  of  the  ouct  at  the  crotch  station  rather  than 
the  cross-sectional  area  at  the  cowl  leading  edge  station. 

Designs  can  be  developed  to  bring  a  cylindrical  capture  tube  Into  any  number  of  modules,  but  most  atten¬ 
tion  has  been  given  to  three  and  four  module  designs,  as  typified  by  the  photographs  shown  in  Fig.  3  of  inlets 
tested  over  the  range  of  Mach  4-10.  The  modular  design  brings  the  flow  to  the  periphery  of  the  engine  and 


SCRAM  INLETS 


3-MODULE  INLET  MODEL  4-MOOULE  INLET  QUADRANT  MODEL 


3- MODULE  INLET  EVALUATED  IN  7  WIND  TUNNEL  TESTS  AT  M„  -  4.0,  6.3,  6.0,  7.8  AND  8.1 

4- MODULE  INLET  EVALUATED  IN  6  WIND  TUNNEL  TESTS  AT  M„  -  4.0,  5.3,  7.8,  8.1  AND  10.0 

Fig.  3  Photographs  of  Busemann  type  hypersonic  inlets. 


cannot  in  supersonic  flow  practically  be  brought  back  to  a  central  duct  combustor.  Thus,  the  designer  has  two 
choices:  either  each  inlet  can  be  used  to  supply  a  separate  modular  scramjet  combustor,  or  the  flow  from  each 
module  can  be  spread  circumferentially  in  a  contoured  duct  to  bring  the  flow  to  a  c cranon  annular  combustor. 

In  the  free  Jet  teat  previously  cited  (Ref.  2),  a  three-module  inlet  was  used  to  supply  three  separate  com¬ 
bustors,  and  the  exhaust  nozzle  was  shaped  as  the  inverse  of  the  inlet  to  bring  the  three  streams  together  in 
the  nozzle  exit  plane.  For  such  a  design  the  modules  function  separately  as  three  independent  engines  and  by 
using  differential  fuel-flows  it  becomes  possible  to  obtain  thrust  vector  control. 

Figure  2b  shows  the  so-called  "shock  trap"  inlet  that  has  been  examined  for  use  in  both  the  CRJ  and  the 
acraajet.  Annular  and  chin-type  nose  and  half  annular  aft  designs  have  been  examined.  In  these  configura¬ 
tions,  the  flow  la  first  turned  outward  on  the  external  compression  surface  and  then  turned  toward  tha  axis 
through  a  relatively  strong  shock  emanating  from  the  cowl  lip.  Ideally,  the  external  surface  of  the  cowl  lip 
is  aligned  with  the  body  axis  to  eliminate  cowl  wave  drag  at  a  »  0.  To  mitigate  the  adverse  effects  that  are 
caused  when  the  strong  shock  strikes  the  boundary  layer  that  has  built  up  on  the  compression  ramp,  a  large 
bleed  slot  is  added.  When  used  in  the  CRJ  cycle,  the  bleed  acts  aa  an  "educated"  slot  to  provide  additional 
inlet  margin.  The  slot's  intelligence  is  ascribed  to  its  self-regulating  flow  characteristics.  When  the 
disturbance  in  the  region  of  the  slot  is  weak,  the  local  pressure  is  low,  and  the  bleed  flow  la  minimal, 
thereby  matching  a  low  mass  flow  requirement.  When  the  disturbance  is  strong,  as  la  the  caae  when  the  inlet 
approaches  critical  operation  with  the  normal  shock  positioned  in  the  region  of  the  cowl  lip  plane,  the  pres¬ 
sure  is  high  and  the  bleed  flow  is  correspondingly  high  aa  required.  Whereas  bleed  can  increase  the  maximum 
pressure  recovery  and  inlet  margin,  it  generally  reduces  the  effective  air  capture  of  the  inlet,  requires 
additional  ducting,  and  incurs  a  loss  in  momentum  (bleed  drag).  Various  bleed  configurations,  including 
slots,  holes  and  scoops,  have  also  been  used  to  vent  low  energy  air  in  other  inlet  configurations.  An  alter¬ 
native  technique  for  boundary  layer  control  is  the  diverter.  Here,  the  inboard  surface  of  the  inlet  duct  is 
raised  above  the  boundary  layer  on  external  compression  surface,  or  above  the  body  boundary  layer  in  an  aft 
entry  configuration,  and  the  low  energy  air  is  diverted  laterally.  This  method  la  restricted  to  segmented  or 
fractional  entry  inlets  such  as  the  chin,  where  lateral  spill  is  possible.  In  all  caaes,  a  detailed  composite 
design  and  performance  analysis  is  needed  to  assess  whether  the  benefits  derived  outweigh  the  penalties  in¬ 
curred. 

Figure  2c  shows  an  innovative  inlet  concept  that  has  been  given  the  neme  "inward  turning  acoop"  (ITS). 
Multiple  scoops,  each  capturing  a  sector  of  ths  flow  are  used  and  the  area  between  the  scoops  is  used  for 
venting  during  starting  and  for  diverting  boundary  layer  air  when  appropriate.  Three  or  more  scoops  can  be 
arranged  symmetrically  to  produce  overall  inlet  characteristics  that  are  quite  insensitive  to  roll  angle, 
thereby  permitting  the  use  of  skid-to-turn  control.  On  the  other  hand,  two  or  more  scoops  located  on  the 
Windward  side  provide  an  alternative  configuration  to  the  chin-type  inlet  for  a  bank-to-turn  vehicle.  In  the 
latter  case,  maneuvering  is  made  in  the  meridional  plane  of  the  inlet  and  the  designer  can  take  advantage  of 
the  additional  compression  on  the  windward  surface.  Aa  in  the  shock-trap  design,  the  external  cowl  lip 
-  ,»  .,4 - -  **<“•  ►*,.  -4. .41.  rnna»n„ant-lv.  In  conf ieurations  with  the  cowl  located  in  the  fore- 


Co  permit  starting  la  moved  from  the  plane  of  the  cowl  lip  to  the  end  of  the  venting  aloe  and  lateral  spill  Is 
prevented  at  with  a  ■  0*.  Within  limits,  the  designer  can  change  the  circumferential  "smile"  angle 

i (i  of  the  scoops  to  accomodate  different  maximum  air  capture  ratio  requirements.  For  nose  entry  configura¬ 
tions,  such  as  shown  In  Fig.  2c,  the  forebody  angle  can  be  reduced  aft  of  the  aldeplate  to  reduce  drag. 
Although  a  conical  forebody  is  shown,  other  shapes  can  be  used,  albeit  to  accommodate  a  more  optimal  radome 
shape  or  to  Improve  the  inlet  efficiency  by  Including  some  isentroplc  turning. 

Aft  of  the  plane  of  the  end  of  the  sldeplate  vent,  the  designer  has  a  number  of  options  for  ducting  the 
flow.  They  are  typified  in  Fig.  4  for  the  particular  case  of  a  4-scoop  symmetric  inlet  in  a  conical  fore¬ 
body  flowfield.  In  this  figure,  CRJ,  scramjet  and  DCR  engine  options  are  considered.  Figure  4a  depicts  the 
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a)  Annular  or  modular  scramjet. 


fc.  . ,  ”  i 


b)  4  duct  dump  type  ramjet 


c)  Center  dump  ramjet 


d)  Center  due;  scramjet 

Fig.  4  Engine  options  with  inward  turning  scoop  inlets. 


e)  Dual  combustor  ramjet 


option  for  an  annular  or  modular  scramjet.  In  the  annular  design,  the  flowfield  from  the  truncated  sectors  at 
station  A-A  is  spread  circumferentially  to  form  a  complete  annulus  at  the  scramjet  combustor  inlet.  Alter¬ 
natively,  the  flow  can  either  be  distributed  by  shaped  transition  sections  into  4  circular  modular  ducts  or 
"dumped"  into  4  circular  scramjet  combustors,  the  j  o sumption  being  that  circular  cross-sections  in  the  high 
pressure-thermal  loading  combustor  are  desirable,  1  lot  mandatory. 

In  configuration  b,  the  quadrant  flowflelds  are  ilended  into  circular  cross-sections  and  brought  par¬ 
tially  Inboard  after  the  flow  has  "shocked  down"  to  subsonic.  As  shown,  the  four  ducts  supply  s  subsonic 
"dump  type"  CRJ.  Similarly,  the  flow  could  simultaneously  be  spread  circumferentially  and  be  directed  to  the 
missile  axis  to  provide  a  central  duct  dump  combustor  as  shown  in  Fig.  4c,  or  a  central  duct  scramjet  as  shown 
in  Fig.  4d.  Finally,  the  flow  from  the  inlets  can  be  split  to  supply  two  combustors  as  would  be  needed  for 
the  DCR.  Here,  two  inlets  supply  the  subsonic  dump  combustor  as  depicted  in  the  lower  half  of  Fig.  4e,  and 
the  flow  from  the  other  two  inlets  is  spread  circumferentially  to  form  an  annular  concentric  supersonic  flow 
in  the  plane  of  the  gas  generator  exit.  In  practice,  it  has  been  shown  that  more  than  two  scoops  are  required 
to  provide  a  reasonably  uniform  flow  in  the  supersonic  annulus,  thus  the  configuration  shown  is  only  illus¬ 
trative. 


Given  that  the  ITS  inlet  is  potentially  attractive  for  a  variety  of  engine  concepts,  it  is  an  appropriate 
choice  for  describing  a  strategy  for  designing  the  inlet  for  a  scramjet  engine.  The  first  step  in  the  design 
process  is  to  examine  the  effects  that  changes  in  geometry  have  on  inlet  performance  using  simplified  inviscid 
lowfield  solutions.  Then  for  a  few  geometries,  perhaps  only  one,  the  inviscid  flow  solutions  are  used  as 
edge  conditions  for  a  boundary  layer  analysis  to  yield  the  displacement  thickness,  5*,  and  the  surface  geo¬ 
metry  Is  accordingly  adjusted  by  &*.  With  the  revised  geometry,  fully  viscous  solutions  of  the  flowfield  are 
obtained  either  using  the  parabolized  approximation  of  the  Navler-Slokes  ecuationa  fPNSl  or.  if  «ih»nn(i- 
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Fig.  6  Block  diagram  of  computational  procedural  for  design  of  hypersonic  inlets. 
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In  this  example  it  la  assumed  that  Mj.0B  "  4  and  the  mlaalle  will  climb  and  accelerate  to  cruise  at  MgR  “ 

7.  To  minimize  fuel  consumption  during  the  climb  phase.  It  Is  necessarv  to  control  both  the  rate  of  accelera¬ 
tion  and  the  flight  path  angle  §,  having  entered  the  climb  phase  at  an  optimal  0_  ..  The  determination  of  the 
optlnal  climb-out  trajectory  is  a  formidable  task  but  for  a  relatively  high  thrust-to-weight  ratio  missile, 
optimal  climb-outs  generally  require  o  =  0“  until  an  altitude  Z  «  0. 7  ZCR  ia  reached,  at  which  time  MQ  has 

nearly  reached  M£R.  Thus,  inlet  operation  at  angle  of  attack  and  low  MQ  is  not  a  significant  design  con¬ 
sideration.  On  the  other  hand,  during  cruise  at  high  altitude,  maximum  range  results  when  the  missile  Ip 

flying  Just  below  the  a  corresponding  to  maximum  L/D.  Typically,  a  at  (L/D)u.v  lies  between  7*  and  12*  for 

MAX 

missiles  with  »CR  -  6-8.  So,  inlet  operation  at  a,  particularly  with  respect  to  air  capture  ratio,  is  impor¬ 
tant  for  Mg  =  Mcr.  Arguments  ate  presented  in  Ref.  13  showing  that  for  symmetrical  inlet  geometries  it  la 
advantageous  to  design  M^  »  M^R  -  AM,  where  AM  ;  0. 5-1.0  to  obaln  optimal  performance.  Consequently,  in  this 
example  M^g  •  6. 

Figure  6a  is  a  schematic  illustration  of  the  flovfield  in  the  inlet  under  consideration  at  MQ  »  M^g. 

The  conical  shock  lies  ahead  of  the  cowl  lip,  since  MQ  <  Myg,  and  the  air  entering  the  inlet  is  represented 
by  AQ  and  the  last  captured  streamline.  A^  is  the  projected  area  of  the  entire  sector  of  the  circle  bounded 

by  the  smile  angle  of  the  scoop.  The  conical  compression  field  is  turned  toward  the  missile  axis  by  the 
cowl  lip  shock.  Internal  cowl  lip  angles  S  of  0*  to  20*  will  be  examined.  Inlet  sideplates  follow  the 
cowl  shock  to  prevent  lateral  spillage  at  a  ■  0,  and  no  further  turning  of  the  flow  is  introduced  ahead  of 
the  plane  of  the  sldeplate  crotch  (Station  2).  Thus,  the  innerbody  is  turned  approximately  parallel  to  the 
inner  cowl  surface  along  the  line  of  the  shock  intersection  with  the  conical  surface.  Downstream  of  tne 
station  of  the  sldeplate  crotch  a  "boundary  layer  recovery"  section  is  shown.  Unless  the  boundary  layer  has 
been  removed  from  the  inlet  innerboay,  the  shock  from  the  cowl  lip  distorts  the  boundary  layer  to  s  profile 
that  is  nearing  separation.  Length  at  constant  pressure  is  required  to  restore  the  profile  to  a  shape  more 
tolerable  to  exposure  to  the  adverse  pressure  gradient  in  the  isentrcpic  compression  region  2-3.  In  region  2- 
3  the  flew  is  compressed  by  gentle  turning  of  the  cowl  side  of  the  internal  duct.  The  Innerbody  also  curves 
inwsrdly  to  provide  cancellation  of  the  weak  compression  waves.  This  section  can  have  an  arbitrary  length 
greater  than  a  minimal  value  corresponding  to  a  centered  wave  compression  focused  on  the  innerbody.  Engine 
packaging  considerations  and  perhaps  viscid- lnvlsc id  interactions  such  as  those  just  mentioned  would  govern 
the  length  selection.  In  this  example,  the  length  was  chosen  such  that  the  inner  duct  contour  is  the  middle 
streamline  in  a  centered  compression  field.  The  amount  of  allowable  internal  contraction  is  governed  by  the 
area  ratio  criterion,  i.e.  that  la,  A^/A^  can  ke  no  trailer  than  the  ratio  corresponding  to  sonic 

flow  at  station  3  when  a  normal  shock  is  positioned  in  the  plane  of  the  sldeplate  crotch.  The  internal  com¬ 
pression  la  assumed  to  be  isentrcpic.  For  the  engine  configurations  shown  in  Fig.  4  that  require  transition 
from  a  sector  of  having  a  smile  angle  t|i  to,  say,  a  quadrtnt  of  a  circle  or  annulus,  circumferential  spreading 
of  the  duct  aft  of  sldeplate  crotch  can  be  incorporated.  Providing  circumferential  spreading  while  main¬ 
taining  either  constant  pressure  as  in  the  "boundary  layer  recovery"  section  and  downstream  of  Section  3,  or 
providing  a  "shock-free  expansion-wave-free"  compression  as  in  Section  2-3,  ia  a  challenging  design  problem 
that  is  beyond  the  scope  of  this  paper.  Suffice  it  to  say  that  generally  the  desired  longitudinal  variation 
....  ,  ....  -r  ►»—  nrMcr-lUna  the  ahaoe  of  the  inner  and  outer  duct  walls 
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Fig.  6  Geometric!  end  flowfietds  of  two  ITS  inlets. 


The  cowl  reflected  shock  has  a  slight  Inward  curvature  due  to  the  decreasing  gradient  in  Mach  number  from 
the  cowl  lip  to  the  conical  surface  and  due  to  flow  convergence  downstream  of  the  shock.  The  waves  in  the 
isentropic  compression  region  are  similarly  curved  due  to  the  persistence  of  the  outward  to  inward  decreasing 
Mach  number  gradient  downstream  of  the  cowl  reflected  shock  as  well  as  flow  convergence.  In  the  numerical 
examples  of  the  lnvlscld  flowfleld  solutions  that  follow,  two  simplifying  assumptions  were  made  aft  of  the 
cowl  lip  station:  1)  a  mean  Mach  number  that  satisfied  conservation  of  mass  was  used  to  represent  the  flow  at 
major  stations  and  2)  the  pressure  rise  and  total  pressure  loss  across  the  cowl  reflected  shock  were  taken 
equal  to  those  for  a  planar  flow  with  the  same  turning  angle. 

Other  scoop  geometries  could  have  been  considered.  For  example,  the  external  compression  surface  could 
have  comprised  a  cone  followed  by  an  outward  turning  isentropic  compression  surface.  For  the  same  amount  of 
external  compression,  via  Pj/Pq.  the  efficiency  would  be  slightly  greater,  but  the  inlet  would  be  longer 

Presuming  that  the  lnnerbody  houses  an  RF  seeker,  this  shape  would  be  less  favorable  from  the  point  of  view 
of  minimization  of  radome  boreslght  error.  Likewise,  the  cowl  inner  surface  ahead  of  the  sldeplate  crotch 
plane  could  be  shaped  to  provide  isentropic  compression  for  cases  corresponding  to  0  >  0.  For  the  same  com¬ 
pression  (p^/p^) ,  the  efficiency  would  be  higher  but  the  subsequent  amount  of  allowable  internal  contraction, 

A^/A^,  would  be  slightly  less.  For  most  designs,  the  curved  inner  cowl  lip  gives  better  lnvlscld  performance 

but  the  issue  would  be  moot  unless  the  inlet  incorporates  boundary  layer  control.  If  no  boundary  layer  con¬ 
trol  is  provided,  the  subsequent  discussion  will  show  that  0  «  0  is  optimal. 

Figure  6b  is  used  for  exemplary  purposes  to  show  the  general  utility  of  the  lnvlscld  flowfleld  analysis. 
This  inlet  has  the  same  cone  angle  5c>  and  cowl  angle  6  “  0*,  and  it  is  operating  at  the  same  M^  as  the 

inlet  shown  in  Fig.  6a  but  it  is  designed  for  M^  -  4.  All  of  the  other  constraints  regarding  internal  con¬ 
traction,  etc.  remain  the  same.  It  can  be  shown  that  the  Btatlc  pressure  increases  and  total  pressure  losses 
through  che  shock  and  isentropic  compressions  are  nearly  identical  for  the  two  cases  (Figs.  6a  and  6b).  This 
la  because  the  average  Mach  number  of  the  flow  ahead  of  the  cowl  reflected  shock  is  only  weakly  dependent  on 

e.g.  for  •  15*  M^  "  3.230  for  M^  •  6  and  M^  “  3.  255  for  M^  “  4.  The  internal  duct  is,  of  course, 

larger  for  the  M^  «  4  case,  but  A^/A^,  A^/A^,  Pc/Pq  end  p£  /pt  are  nearly  the  same  for  both  cases.  It  is 

also  apparent  that  the  inlet  contraction  ratio  A^A^  is  smaller  for  the  M^  -  4  case,  which  means  that  for  MQ 

>  4  the  Myg  *  4  case  will  have  lower  Pj/Pq  and  therefore  the  cycle  performance  will  be  lower.  Thus,  3S  in  a 

number  of  other  situations  in  well  designed  fixed  geometry  inlets,  a  loss  in  air  capture  is,  in  part,  com¬ 
pensated  by  increased  compression  and  vice  versa.  Ths  loss  in  air  capture  at  a  »  0  can  be  obtained  from 
solutions  of  the  conical  flowfleld  to  yield  the  flow  angle  and  M^,  the  Mach  number  along  the  conical  ray 

0w  that  strikes  the  cowl  lip  and  the  total  pressure  loss  across  the  conical  shock  pt  /pf  ,  together  with  the 
relationship  v  ® 


TOTAL  PRESSURE  RECOVERY 


2  9  3.0  3.1  3.2 

MACH  NUMBER  ON  CONICAL  SURFACE  Mr 


Fig.  9  Maxium  contraction  ratio  contours  on  grid  of  shock  pressure  ratio  at  M0  *•  4  for  inward  turning  scoop  inlets. 


Figure  7  ahowa  AQ/Ai  for  5,  6  end  7  Inlets  with  fic  •  12.5,  15,  17.5  and  20*  over  the  range  4  MQ  jc  7. 
Air  capture  la  only  weakly  dependent  on  6^.  At  Mg  «  4,  Mj.g  -  6,  Ag/A^  -  0.73,  bo  the  Inlet  contraction  ratio 
can  be  about  37X  greater  for  a  Mpg  -  6  versus  a  -  4  design. 

Figures  8  and  9  show  the  method  for  determining  the  preferred  geometry  of  the  ITS  inlet  for  this  example. 

Total  pressure  recovery  p  /p  is  shown  as  a  function  of  A-/A,  for  cone  angles  6  from  10*  to  20*  and  cowl 
t3  tc  u  j  c 

angles  8  of  0*  to  20*  In  Fig.  8.  Three  Important  points  can  be  learned  from  these  results. 

1)  There  is  a  maximum  allowable  inlet  contraction  ratio  Ag/Ag  that  is  considerably  smaller  than  would 

occur  if  the  compression  waa  lsentropic  and  the  Internal  contraction  was  not  limited  for  starting,  l.e., 

»  5.4  vs.  10.7  for  Mg  -  4,  the  Mach  number  at  whir',  the  scoop  lip  shock  is  designed  to  strike  the  knee  in  the 

lnnerbody  surface. 

2)  For  a  constant  6  and  increasing  B,  or  with  6  constant  and  increasing  6  results  in  a  monotonlcally 

decreasing  p  /p  and  a  corresponding  monotonlcally  decreasing  value  of  M,,  but  a  maximum  occurs  in  An/A,. 

c3  co  J  u  J 

Scramjet  cycle  performance  Increases  with  Increasing  Mg  for  a  given  Ag/Ag,  so  only  the  upper  branches  of  the 

curves  are  of  interest. 

3)  Small  or  negligible  Internal  cowl  lip  angles  result  in  the  best  performance,  i.e. ,  maximum  p  /p 

C3  C0 

for  a  given  Ag/Ag.  Indeed,  for  any  value  of  Ag/Ag  <  5.3,  8  ■  0*  is  optimal. 

Contours  for  constant  values  of  Ag/Ag  are  mapped  in  a  plane  of  cowl  shock  pressure  rise,  p^/p^  vs.  the 
Mach  number  on  the  conical  surface,  M^,  to  examine  the  problem  of  boundary  layer  separation  on  the  lnnerbody 

surface  in  Tig.  9.  The  separation  criterion  used  to  establish  the  demarcation  between  separated  and  attached 
flow  is  in  accordance  with  the  values  suggested  in  Ref.  16  for  turbulent  boundary  layers.  Additional  ex¬ 
perimental  data  are  needed  to  establish  the  veracity  of  the  values  so  derived.  Nonetheless,  this  figure  shows 
that  geometries  having  Ag/Ag  values  greater  than  4.6  would  be  expected  to  have  separated  flow  at  the  sideolate 

crotch  station  even  with  S  ■  0*.  A  local  separation  would  cause  unwanted  compression  and  expansion  waves  and 


i _ • 


At  Mg  -  A  for  most  acramjet  engine  operating  conditions  there  will  be  a  normal  shock  preced'  ig  i:he  com- 

utlon  (dual  node  operation)  and  since  the  ITS  Inlet  is  also  attractive  for  use  in  the  CRJ,  it  la  useful  to 
caalne  conditions  corresponding  to  those  with  a  normal  shock  located  dovr.atreaa  of  Btation  3  with  no  addl- 
lonal  diffusion.  Figure  10  shows  the  total  pressure  recovery  p'  / p  fur  this  family  of  inlets  at  *n  -  4. 

C3  C0 

ixlaua  values  occur  for  a  given  4^  when  the  total  turning  of  the  flow  in  the  compression  process  is  appropri¬ 
ately  AO*.  If  there  were  no  design  considerable. s  other  than  Inlet  recovery  and  drag  on  the  portion  of  the 
orebody  not  wetted  by  the  air  captured  in  the  Inlet,  a  design  with  6  »  17.5*  and  3*5*  would  be  optimum, 

areover,  since  the  optimum  occurs  with  Inward  turning  at  the  scoop  lfp,  somewhat  higher  recovery  could  be 
btalned  by  curving  this  surface  through  the  5  degree  turn.  On  the  other  hand.  If  the  constraint  to  avoid 
oundary  layer  separation  la  operative  end  4fi  _<  15*.  a  101  loser  invlscld  recovery  would  have  to  be  accepted. 

At  thle  point  In  the  discussion  .ill  but  a  narrow  range  of  geometries  can  be  eliminated  frem  further 
onalderatlon.  Four  cases  have  been  selected.  Case  A  with  &c  «  12.5*,  6  -  0  la  a  conservative  geometry,  and 

ase  B  with  4£  «  15.0*,  8  »  0*  Is  the  optimal  geometry  for  Inlets  without  boundary  layer  control  at  a  •  0*. 
eses  C  end  D  with  4 •  17.5*  and  6'0  and  5*  are  near  optimal  If  boundary  layer  separation  is  not  a  problem, 
able  1  lists  Inlet  parameters  and  flow  properties  for  these  •  6  design  Inlets  at  MQ  ■  A,  5,  6  and  7.  In 

11  designs  the  scoop  lip  shock  strikes  the  knee  on  the  innerbody  it  a  •  0,  •  A.  For  MQ  >  A,  the  lip  shock 

ells  downstream  of  the  knee  and  a  far  more  complex  wave  structure  exists  In  the  duct.  Whereas  these  flow- 
lelds  can  be  obtained  using  the  computer  routines  shown  In  Fig.  5,  a  good  approximation  of  iverage  properties 
t  station  3  can  be  obtained  with  the  assumption  that  the  total  pressure  loss  is  the  sum  of  the  loss  across 
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Table  1 

Inlet  Parameters  and  Flow  Properties  for  Four  ITS  M^g  *  6  Inlet  Geometries 


Inviscid  Flow 


Case 

6 

c 

Deg. 

8 

Deg. 

VA3 

Mo 

a0/a3 

M3 

Pt  /Pt 
c3  c0 

p3/p0 

My 

Pt  /Pt 

V  po 

p3'/p0 

A 

12.5 

0 

4.934 

4 

3.682 

2.522 

0.9245 

7.938 

0.511 

0.4531 

57.6 

5 

4. 305 

3.140 

0.8346 

9.750 

0.467 

0.2427 

110.6 

6 

4.934 

3.670 

0.7373 

12.019 

0.445 

0.1356 

186.9 

7 

4.934 

4.232 

0.6230 

12.532 

0.429 

0.0712 

259.7 

B 

15.0 

0 

5.881 

4 

4.297 

2.280 

0.8632 

10.813 

0.537 

0.5113 

63.8 

5 

5.040 

2.828 

0.7335 

13.692 

0.486 

0.2789 

125.5 

6 

5.811 

3.272 

0.6069 

17.445 

0.461 

0.1570 

215.0 

7 

5.811 

3.744 

0.4797 

18.519 

0.443 

0.0828 

299.7 

C 

17.5 

0 

6.667 

4 

4.842 

2.045 

0.7886 

14.598 

0.570 

0.5516 

68.8 

5 

5.787 

2.523 

0.6235 

18.632 

0.511 

0.3055 

135.3 

6 

6.667 

2.909 

0.4866 

24.002 

0.481 

0.1728 

232.9 

7 

6.667 

3.314 

0.3650 

25.888 

0.459 

0.0913 

327.3 

D 

17.5 

5 

7.160 

4 

5.200 

1.806 

0.6983 

18.284 

0.615 

0.5656 

66.5 

5 

6.215 

2.259 

0.5253 

23.702 

0.539 

0.3160 

137.2 

6 

7.160 

2.596 

0.3883 

30.929 

0.504 

0.1793 

237.9 

7 

7.160 

2.945 

0.2762 

33.823 

0.479 

0.0951 

336.5 

the  conical  shock  and  the  loss  across  a  scoop  reflected  shock  that  would  turn  all  of  the  flow  to  an  angle 
With  the  air  capture  characteristics  given  in  Fig.  7  and  the  contraction  ratio  set  by  -  6,  all 

properties  at  station  3  can  be  obtained.  The  trend  of  improving  performance  with  increased  compression  tb 
was  previously  shown  at  Mg  «  4,  is  present  for  Mg  •  5-7. 

Whereas  these  results  provide  a  basis  for  selecting  the  compression  field,  viscous  effects  must  be  in 
troduced  to  define  the  geometry  and  provide  a  basis  for  proceeding  into  the  combustor  and  overall  engine  c, 
analysis. 

Using  flow  properties  from  the  inviscid  flow  solution  as  input  for  conditions  on  the  edge  of  the  bouni 
layer,  the  displacement  thickness  6*  is  obtained  by  one  of  several  possible  techniques  (Ref.  17).  All  con¬ 
tours  are  adjusted  by  the  local  value  of  6*  and  fully  viscous  solutions  of  the  flowfield  are  made,  6*  is 
adjusted  and  the  process  repeated  until  the  core  of  the  flowfield  is  approximately  the  same  as  that  of  the 
initial  inviscid  analysis.  For  the  asyianetric  portion  of  the  flow,  e.g. ,  in  the  internal  ducts,  5*  varies 
circumferentially  as  well  as  longitudinally.  The  resulting  cross-sectional  area  A^,  the  physical  area,  is 

therefore  defined.  Additionally,  the  local  static  pressure  in  the  boundary  layer  at  a  given  location  is  tl 
acme  as  in  the  inviscid  flow.  Superficially,  it  would  appear  that  Ag3  and  Py  together  with  the  continuit; 

equation,  could  be  used  to  define  a  set  of  mean  flow  properties  that  would  be  appropriate  for  a  cycle  anal 
ais.  If  this  is  done,  however,  the  deduced  mean  value  of  the  total  pressure  is  artificially  low.  In  effe 
the  mean  value  of  the  momentum,  which  is  directly  related  to  the  thrust,  would  not  be  well  represented. 


A  more  appropriate  method,  albeit  more  rigorous  to  obtain,  is  to  calculate  the  mass  averaged  value  of 

total  pressure  p  ,  and  with  the  local  static  pressure,  p,,  define  an  effective  flow  area  A,  that  also 

w  ifi 

satisfies  the  continuity  equation.  The  resulting  area  lies  between  A3  and  Agy  A  numerical  example  will 
to  clarify  this  point.  Let  us  suppose  that  the  viscous  solution  of  the  flo-'ield  for  Case  A  at  Mg  »  4  sho 
that  (Ag/A)3  “1.2  and  that  the  profile  in  the  turbulent  boundary  layer  ca.i  be  represented  by  u/u3  “  (y/S) 

For  an  adiabatic  wall  the  mass  averaged  total  pressure  in  the  viscous  layer  is  592  of  the  value  in  the  in¬ 
viscid  core.  The  resulting  mass  averaged  total  pressure  for  the  entire  flow  is  832  of  the  inviscid  value, 

which  leads  tc  p  /p  ■  0.7689,  (A  /A),  “  1.079,  and  a  corresponding  effective  Mach  number  M  ,  »  2.404. 

c3  co  e  j  e3 

These  effective  flow  properties  now  become  the  values  to  be  used  in  an  simplified  one-dimensional  a-'alysis 
Accordingly,  the  conditiooc  corresponding  to  those  downstream  of  a  normal  shock  at  station  3  are  My  »  0. 

P.  /p,.  -  0.414. 

V  C0 


Since  the  boundary  layer  parameters  are  dependent  on  the  geometry,  M  ,  the  altitude,  and  the  wall 
cooling  of  each  case,  each  flight  condition  would  produce  a  different  A^7Ay  At  first  glance  it  would  ap 

that  the  geometry  selected  for  one  flight  condition  would  not  yield  the  compression  field  previously  compu 
at  other  flight  conditions.  However,  it  turns  out  that  for  a  given  geometry  and  altitude,  6*  is  only  weak 
dependent  on  Mg,  changing  only  about  102  from  MQ  -  4  to  M  -  7.  Moreover,  changes  with  altitude  at  a  gi”e 


are  also  not  too  great,  e.g.,  a  30,000-ft  increase  in  altitude  Z  increases  6*  by  about  202.  Mach  number  a 
altitude  also  have  only  a  small  effect  on  the  ratio  of  mass  averaged  total  pressure  to  core  flow  total  pre 
sure.  Thus,  even  though  the  boundary  layer  thickness,  6,  can  vary  by  more  than  a  factor  of  2  over  a  typic 
flight  envelope,  the  changes  in  Ae/A  are  quite  small.  Thus,  the  design  strategy  is  to  base  the  geometry  c 

the  conditions  at  the  end  of  boost  and  accept  the  relatively  minor  changes  in  the  flowfield  at  M.  >  H 

0  EOB 


Table  2 


Inlet  Parameters  for  Four  ITS  M^g  »  6  Inlets 

Viscous  Losses  Based  on  (A  /A),  •  1.2  at  H.  *  4 

go  0 


Case 

£ 

c 

Deg. 

6 

Deg. 

Mo 

Me3 

Pe3/P0 

pt  /pt 
e3  c0 

VAe3 

”“.3 

Me3> 

pe3'/p0 

P,.  /P 
^3' 

A 

12.5 

0 

4 

2.404 

7.938 

0.7689 

3.414 

0.9756 

0.523 

52.2 

0.4140 

C 

2.999 

9.750 

0.6771 

3.992 

0.9764 

0.475 

100.7 

0.2224 

6 

3.512 

12.019 

0.5905 

4.574 

0.9774 

0.451 

170.9 

0.1244 

7 

4.055 

12.532 

0.4943 

4.574 

0.9772 

0.434 

238.4 

0.0655 

B 

15.0 

0 

4 

2.159 

10.813 

0.7148 

3.960 

0.9685 

0.553 

57.0 

0.4624 

5 

2.688 

13.692 

0.5921 

4.645 

0.9684 

0.497 

113.1 

0.2533 

6 

3.116 

17.445 

0.4825 

5.356 

0.9679 

0.469 

194.7 

0.1433 

7 

3.571 

18.519 

0.3770 

5.356 

0.9672 

0.449 

277.4 

0.0755 

C 

17.5 

0 

4 

1.921 

14.598 

0.6493 

4.425 

0.9590 

0.592 

60.4 

0.4920 

5 

2.380 

18.632 

0.4989 

5.289 

0.9560 

0.525 

120.0 

0.2737 

6 

2.751 

24.002 

0.3825 

6.093 

0.9561 

0.492 

207.9 

0.1553 

7 

3.141 

25.888 

0.2831 

6.093 

0.9557 

0.467 

293.8 

0.0823 

D 

17.5 

5 

4 

1.652 

18.284 

0.5531 

4.604 

0.9424 

0.653 

55.2 

0.4840 

5 

2.081 

23.702 

0.3976 

5.503 

0.9397 

0.564 

115.8 

0.2716 

6 

2.400 

30.929 

0.2865 

6.340 

0.9404 

0.523 

202.7 

0.1547 

7 

2.731 

33.823 

0.1996 

6.340 

0.9403 

0.493 

288.3 

0.0824 

Moreover,  it  is  possible  to  adjust  the  inviscid  flow  results  to  values  suitable  for  cycle  calculations  by 
obtaining  only  a  few  viscous  flow  solutions  and  applying  a  constant  value  of  A£/A  over  a  suitable  range  of 

conditions.  The  value  of  1.2  for  A^/A^  would  be  representative  for  engines  of  about  two  foot  diameter  for 
Cases  B-D,  as  well  as  Case  A  at  Mj.gg  “  4,  Z  ■  5,000  ft.  A^/A^  would  be  different  for  each  case,  increasing 
from  1.079  for  Case  A  to  1.129  for  Case  D.  Maintaining  these  values  of  A^/A^  constant  at  higher  MQ  results 


in  effective  flow  properties  at  station  3,  as  shown  in  Table  2.  The  kinetic  energy  efficiency  of  the  inlet, 

nvrl  at  station  3  has  been  added  to  the  Table  since  this  parameter,  rather  than  p„  /p.  ,  is  generally  used  as 
■KE  t3  tQ 


the  basis  of  empirical  correlations.  For  a  calorically  perfect  gas,  n„_  and  p  /p  are  related  by  the 
simple  expression  t3  C0 


(y-DMq 


W-i 


The  same  trends  with  MQ  that  were  present  in  the  Inviscid  flow  results  are  maintained,  but  a  few  addi¬ 


tional  points  can  be  made.  Total  pressure  recovery  is  lower  but  the  effective  inlet  contraction  ratio  is 
higher.  Moreover,  nRE  is  nearly  invariant  with  Mg  for  a  given  case.  This  result  lends  credence  to  the 


results  of  simplified  analyses  of  performance  that  are  based  on  holding  rv,_  constant. 

K£ 


There  are  many  situations  when  the  rigor  of  the  foregoing  approach  is  not  warranted,  l.e.  for  preliminary 
engine  performance  evaluations.  Reference  7  gives  the  details  of  a  method  that  uses  a  strategy  similar  to 
the  one  Just  described,  via.  it  is  based  on  the  premise  of  a  uniquely  defined  effective  inlet  contraction 
ratio.  The  method  is  based  on  an  empirical  relationship 


'’jCEj  “  1  '  0.«(1-Me3/M0)*  (3) 

and  an  inlet  air  capture  ratio  characteristic  similar  to  that  shown  in  Fig.  7,  It  is  of  Interest  to  add  the 
"data"  from  Table  2  to  the  Figures  from  Ref.  7  as  a  further  test  of  the  adequacy  of  Eqn.  3.  Figure  11  shows 
that  for  inlets  with  high  values  of  e.g.  Case  A,  Eqn.  3  yields  riKE  values  that  are  somewhat  high,  but 

the  agreement  improves  at  low  M^/Mg.  Note  also  the  near  independence  of  M^/Mq  with  Mg  for  each  of  the 

cases.  Figure  12  from  Ref.  7  shows  the  corresponding  values  of  p  /p  versus  An/A  ,,  and  to  complete  the 

picture.  Fig.  13  shows  P3/Pg  versus  M^/Mg.  For  clarity,  the  values  from  Table  2  have  not  been  added  to 

these  figures. 

The  design  feature  of  the  ITS  inlet  that  remains  to  be  substantiated  is  the  favorable  inlet  air  capture 
characteristics  at  angle  of  attack  at  MQ  >  MCR.  Figure  14  shows  this  effect  for  the  «c  »  15*  conical  fcr»- 

body,  symmetrical  ITS  inlet  with  four  scoops,  each  having  a  smile  angle  of  45*.  Curves  of  air  capture  are 
shown  for  three  values  of  the  roll  orientation  angle  ♦  of  0*,  22.5*  and  45*.  The  decrease  in  air  capture  of 
<  9Z  at  a  •  10*  in  the  least  favorable  roll  orientation  is  remarkably  small. 
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Fig.  11  Kinetic  energy  efficiency  es  a  function  of  diffuser  exit-to-frse  stream  Mach  number  ratio. 


COMBUSTOR  ANALYSIS 

Treatment  of  the  combustor  of  the  scramjet  varies  in  complexity  from  relatively  simple,  one-dimensional 
integral  solutions  to  relatively  complex  finite  difference  solutions  that  include  wall  shear  and  non  equili¬ 
brium  chemistry.  The  key  to  the  successful  adaptation  of  any  of  the  theoretical  descriptions  of  the  combusto 
flovfield  is  the  adoption  of  models  that  take  into  consideration  the  ever  growing  base  of  experimental  obser¬ 
vations.  The  schematic  illustration  of  the  combustor  flowfield  shown  in  Fig.  15  will  help  to  develop  this 
point.  The  combustor  is  a  simple  diverging  cone  frustum.  The  qualitative  features  of  the  flow  for  other 
diverging  shapes  such  as  those  containing  step  increases  in  area  just  downstream  of  the  fuel  injection  static 
are  the  same,  but  the  details  of  the  flow  are  different  and  must  be  considered  even  in  a  simplified  integral 
analysis.  The  subsequent  discussion  will  show  that  constant-area  or  converging  shapes  are  not  practical  for 
the  types  of  missile  applications  that  have  been  postulated. 

For  all  but  the  highest  Mach  number  and  lowest  equivalence  ratio  conditions,  the  blockage  due  to  the 
combined  effects  of  the  injection  and  heat  release  generates  a  "shock  train"  disturbance  that  originates  in 
the  isolator  section  and  extends  downstream  of  the  Injection  ports  into  the  combustor.  In  general,  the  pres- 
ssure  rise  associated  with  the  shock  train  is  sufficiently  great  to  separate  the  boundary  layer.  In  a  well 
designed  engine,  the  isolator  is  of  sufficient  length  to  prevent  the  combustion-induced  disturbances  from 
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Fig.  13  Inlet  pressure  ratios  based  on  data  correlation. 
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ANGLE  OF  ATTACK  a (DEG) 

Fig.  14  Effect  of  angle  of  attack  and  roll  angle  on 
the  air  capture  of  4  ITS  inlets. 
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Fig.  16  Schematic  illustration  of  flow  processes  in  isolator 
and  combustor  sections. 
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disrupting  the  flow  in  the  inlet.  Generally,  combustors  with  step  increases  in  area  require  less  isolator 
length  because  the  strength  of  the  shock  train  is  diminished.  Downstream  of  the  shock  train  mixing  and 
combustion  are  Intensive,  with  large  radial,  axial  and,  perhaps,  circumferential  gradients  in  flow  properties 
and  chemical  composition.  Further  downstream,  the  mixing  and  combustion  is  less  intense  and  the  gradients  are 
considerably  weaker,  and  the  flow  can  be  reasonably  approximated  by  one-dimensional  mean  flow  properties  at 
each  axial  station. 

A  similar  shock  train  structure  can  be  generated  in  a  duct  of  this  shape  by  placing  a  physical  blockage, 
such  as  a  partially  closed  valve,  downstream  of  the  duct,  or  by  simply  increasing  the  back  pressure  in  a 
direct-connect  testing  apparatus.  Several  investigators  have  exploited  this  fact  to  study  the  shock  train  in 
an  unheated,  nonreacting  air  stream  that  is  more  conducive  to  measurement.  In  particular,  Waltrup,  et  al. 
(Ref.  18)  made  sufficient  measurements  to  model  the  pressure  rise  over  a  range  of  conditions  typifying  those 
in  the  entrance  of  the  scramjet  combustor.  Figure  16  from  Ref.  18  is  a  data  correlation  that  shows  that  the 
shape  of  the  pressure  rise  curves  for  various  p  /p^  values  of  1.6  to  6.9  with  initial  Mach  numbers  of  1.53  to 


Fig.  16  Normalized  pressure  distributions  in  shock  train 
flow  structures. 


2.72  can  be  collapsed  to  a  single  correlating  curve.  Here,  Ps  is  the  pressure  downstream  of  the  shock  train 
and  p^  is  the  initial  pressure.  The  correlating  equation  is 


•<V  -  l>Re64‘/* 

D.l/le  »/l 
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(4) 


Equation  (4)  can  be  used  to  obtain  rhe  total  length  of  the  shock  train  s  shown  in  Fig.  15  for  given  shock 

®  /  / 

pressure  rises  and  then  used  to  find  p  ■  f(s).  The  nondlmensionalizing  length  scale  of  (D,/Z0l/J)4  was  based 

on  a  regression  analysis  of  data  taken  over  a  limited  range  of  these  parameters  and  could,  therefore,  be 
subject  to  revision  with  the  compilation  of  additional  data.  Until  additional  experiments  are  conducted,  it 
is  neceacary  to  use  the  hydraulic  diameter  in  place  of  D^  for  isolators  having  non  circular  cross-sections. 

Experiments  are  currently  underway  (Ref.  19)  to  develop  similar  data  correlations  in  co-annular  isolators 
typified  by  Fig.  4e.  The  overall  pressure  ratios  in  Fig.  14  correspond  to  a  range  of  shock  strengths  equiva¬ 
lent  to  either  oblique  or  normal  shocks.  It  has  been  found  that  the  mean  value  of  other  flow  properties  down¬ 
stream  of  shock  trains  correspond  to  conditions  downstream  of  the  equivalent  single  shock.  This  suggests  tha 
wall  shear  contributes  only  a  small  part  to  the  total  pressure  loss  in  this  strongly  coupled  viscous-inviscid 
interaction  zone.  The  static  pressure  distribution  downstream  of  a  shock  train  depends  on  the  duct  shape  and 
on  whether  the  flow  ia  separated  at  the  end  of  the  shock  train.  In  separated  zones  the  pressure  would  be 
nearly  constant.  For  attached  flow  in  constant  area  or  diverging  sections  and  subsonic  intial  conditions, 
the  pressure  decreases  monotonically.  For  supersonic  initial  conditions  and  either  constant  area  or  very 
small  divergence  the  static  pressure  rises  slightly,  but  in  the  geometries  of  most  interest  that  have  modersb 
divergence,  i.e. ,  area  ratios  of  about  two,  the  pressure  decreases  monotor.lcally. 

Combustor  analysis  based  on  integral  solutions  of  the  x  momentum  equation  require  that  the  wall  stress  b 
well  posed.  Therefore,  it  is  evident  that  not  only  must  the  shape  of  the  pressure  rise  in  the  shock  train  be 
known,  but  its  position  relative  to  the  fuel  ports  must  be  defined. 

In  Ref.  10,  the  relationship 

■  0-5  -  l)  (5) 

was  derived  from  hueristic  arguments  and  limited  data  to  define  the  distance,  s  that  the  shock  train  extend 

d 

downstream  of  the  fuel  ports  as  shown  in  Fig.  15.  Thus,  for  a  given  set  of  initial  conditions  M, ,  0.,  Rert 

4*  4  0, 

4 

and  the  shock  train  pressure  rise  P8/p^»  the  pressure  distribution  to  the  end  of  the  shock  train  or  the  re- 


attachment  point  is  defined.  No  ambiguity  exists  if  a  step  increase  in  area  is  present  because  the  pressure 
is  given  as  a  function  of  x  rather  than  A.  Downstream  of  the  shock  train,  it  turns  out  that  the  pressure 
distribution  can  be  well  represented  by  a  pressure-area  relationship  first  suggested  by  Crocco  (Ref.  20)  if 
the  area  is  taken  as  the  local  cross-sectional  area  of  the  duct.  Crocco  noted  that  the  relationship 

pA  -  constant,  where  e  is  an  arbitrary  constant,  embraced  the  particular  solutions:  1)  e  -  1  corres¬ 
ponding  to  the  Rayleigh  process,  i.e. ,  one-dimensional  constant  area  heat  addition,  and  2)  e  “  0  corresponding 
to  constant  pressure  process.  Reference  21  added  to  the  attributes  of  this  formulation  by  noting  that  e  -  -yM2 
corresponds  to  a  one-dimensional  heat  addition  with  constant  Mach  number. 

Note  that  the  assumption  of  the  wall  pressure  distribution  does  not  require  unidimensionality  of  the 
flow,  but  the  association  with  the  corresponding  one-dimensional  flow  having  the  same  value  of  e  can  be  in¬ 
formative.  It  is  particularly  important  to  grasp  this  point  if  one  is  to  use  integral  techniques  effectively. 
For  a  given  set  of  conditions  (not  necessarily  uniform)  in  a  starting  plane  and  heat  release,  there  is  a 
unique  set  of  unidimensional  properties  in  the  exit  plane  for  a  given  total  force  and  heat  flux  on  the  boun¬ 
dary  (the  combustor  wall  in  this  case),  regardless  of  the  path  of  the  process.  The  total  axial  force  on  the 
wall  is  the  difference  between  the  Integrated  pressure  on  the  projected  area  and  the  wall  shear.  Thus,  a 
given  solution  of  the  Integral  equations  is  valid  for  an  infinite  number  of  combinations  of  axial  pressure 
force  and  wall  shear.  To  exploit  this  reality,  one  needs  a  shear  model  for  reacting  ducted  flows.  Although 
considerable  progress  has  been  made  in  the  development  of  analytical  models  (see  e.g.  Ref.  22),  these  efforts 
have  not  progressed  to  the  point  of  practical  application;  consequently  empirical  correlations  still  must  form 
the  besls  of  scramjet  combustor  analyses. 

In  Refs.  9  and  23  heat  flux  data  from  six  different  supersonic  combustor  geometries,  with  both  gaseous 
and  liquid  fuels  and  from  1.6  to  3.2  were  correlated  and  used  to  obtain  a  deduced  combustor  shear  para¬ 
meter.  Figure  17  shows  this  shear  parameter  C £  ■  It^/p^u^2  ■  2tw  (A^/wau^)  versus  ERe£j>  where  Tw  is  the  mean 
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Fig.  17  Combustor  wall  heat  transfer  and  skin  friction  coefficient 
as  a  function  of  equivalence  ratio. 


shearing  stress,  the  weight  flow  of  air  entering  the  combustor.  Here,  EReff  “  ER*nc  for  typical  liquid 
hydrocarbon  fuels  and  r^  is  the  combustion  efficiency.  The  form  of  the  parameter  was  intentionally  selected 

to  enhance  combustor  calculations  by  giving  the  mean  value  of  shear  in  terms  of  combustor  inlet  conditions. 
Preliminary  results  from  the  aforementioned  theoretical  analysis  confirm  the  qualitative  trend  of  increasing 
shear  with  increasing  heat  release. 

With  this  modeling  of  the  wall  stresses  the  solution  of  the  integral  form  of  the  conservation  equations 
can  be  carried  out.  In  particular,  the  x  momentum  equation  can  be  expressed  as 

x*xg  X“Xj 

f  pdAx  +  f  pdAx  +  (1'e)  p5A5  ~  P4A4  "  f  TwdAw  "  P5A5  +  ps'VA5  "  P4A4  "  P4U4*A4  "  VfS 

x-0  x-xt  J  x-0  W 

where  the  subscript  S  refers  to  conditions  at  the  combustor  exit,  subscript  e  to  conditions  corresponding  to 
the  point  where  the  pressure  variation  with  area  can  be  represented  by  the  Crocco  parameter  and  subscrj.pt  f 
refers  to  th'  fuel.  For  normal  injection,  the  fuel  momentum  term  is  zero  and  for  other  injection  angles  the 
term  is  small  and  usually  is  neglected.  In  all  of  the  data  that  have  been  examined  to  date,  either  xg  «  xg, 

i.e.,  inmediately  following  the  shock  train  the  pressure-area  distribution  can  be  represented  by  e  “  c  process 
or  A  *  A  ,  i.e.,  the  downstream  end  of  the  shock  train  is  in  a  constant  area  section.  Thus,  the  second 
integral  has  been  set  -  0  in  the  analysis  of  data  currently  available.  In  the  latter  case,  it  still  would  be 
necessary  to  relate  pg  to  pg  to  obtain  solutions  rigorously,  but  considering  the  approximate  nature  of  the 

shear  modelling,  pg  is  frequently  taken  equal  to  pg.  With  these  ass<imptions,  a  set  of  Initial  conditions, 
including  the  fuel  specification  (atom  balance,  flow  rate  and  enthalpy)  and  a  value  for  q  and  a  procedure  for 


fi-IB 


relating  the  state  variables,  the  integral  form  of  the  conservation  equations  can  be  solved  for  selected 
values  of  pg/p^.  Generally,  local  thermodynamic  equilibrium  is  assumed  at  the  combustor  exit,  where  the 
composition  is  assumed  to  be  products  of  combustion  at  ER^^  •  Tic  ER  and  unreacted  fuel  in  the  amount 

(1  -  r,c)ER.  References  24  and  25  provide  the  basis  for  computing  the  state  relationships.  Of  course,  the 

application  of  this  analysis  is  limited  to  either  the  determination  of  the  global  heat  release  and  combustor 
exit  conditions  given  a  wall  pressure  distribution  or  the  prediction  of  the  wall  pressure  and  exit  conditions 
given  an  assumed  heat  release.  If  neither  the  heat  release  nor  the  pressure  distribution  is  known  j  priori, 
then  suitable  kinetic  rate  equations  must  be  introduced  and  solved  simultaneously  with  the  aforementioned 
conservation  equations.  A  discussion  of  this  subject  is  beyond  the  scope  of  this  paper.  Conversely,  if  both 
the  pressure  distribution  and  the  global  heat  release  are  known  from  experiments,  the  veracity  of  this  analysis 
can  be  examined. 

Equation  (6)  can  be  simplified  to 


and  the  procedure  for  obtaining  all  terms  in  Eq.  (8)  has  been  described. 

For  a  given  combustor  and  shock  train  pressure  ratio,  rvare  are  two  solutions  for  every  fuel  flow  rate, 
one  of  which  can  be  eliminated  because  either  the  pressure  increases  downstream  of  the  shock  or  the  second  law 
of  thermodynamics  is  violated,  or  both.  In  effect  then,  for  a  given  heat  release  there  is  one  candidate 
solution  for  each  value  of  p  /p  ,  and  an  additional  constraint  must  be  imposed  to  yield  a  unique  solution. 


Reference  26  introduced  the  constraint  (3p/3A) 


(3p/3A)s_c  a3  A 


A5  and  (dTt/Tt) 


0,  which  simply 


states  that  the  slope  of  the  pressure  area  relationship  for  a  constant  e  process  at  the  combustor  exit,  where 
the  derivative  of  the  total  temperature  approaches  zero,  should  be  equal  to  the  slope  of  an  isentropic  pro¬ 
cess.  More  rigorously,  the  slope  should  match  that  of  an  adiabatic  process  that  includes  wall  shear.  How¬ 
ever,  if  the  shear  terms  are  auccd,  no  simple  analytic  relationship  has  been  found,  and  indeed,  when  typical 
experimental  results  are  examined,  the  effects  do  not  significantly  affect  this  constraint. 

With  this  constraint  the  additional  condition 


e  l,/j  f  y5M5  1 

Ms  ote‘[77^r,vJ 


must  also  be  met,  and  a  unique  solution  for  each  heat  release  can  be  obtained.  That  is,  there  is  a  specified 
shock  train  pressure  rise  for  a  given  heat  release.  This  result  represents  an  analogous  situation  to  the  well 
recognized  thermal  choking  point  in  a  Rayleigh  heating  process.  Reference  21  gave  the  name  "entropy  limit"  to 
solutions  of  the  conservation  equations  that  were  so  constrained.  One  caveat  remains,  viz  for  low  area  ratio 
combustors  and  high  heat  release  rates,  the  solutions  to  the  equations  would  yield  shock  train  pressure  rises 
which  would  exceed  that  of  a  normal  shock.  For  those  cases,  the  slope  constraint  is  relaxed,  the  normal  shock 
pressure  ratio  is  held,  and  the  combustor  exit  Mach  number,  Kj,  is  permitted  to  decrease.  The  limiting  heat 

release  for  a  combustor  operating  in  this  mode  corresponds  to  M,.  “  1.  Analysis  of  free-Jet  tests  of  scramjet 
engines  verifies  this  mode  of  engine  operation. 

The  steps  in  the  procedure  for  determining  the  wall  pressure  distribution,  wall  shear  and  flow  properties 
in  the  exit  plane  for  a  given  combustor  and  heat  release  rate  are  as  follows: 

1)  The  shear  term  in  Eq.  (8)  is  computed  directly  using  the  relationship  from  Fig.  17,  A  ,  and  the 

initial  conditions.  w 

2)  An  initial  value  of  pg/p^  is  estimated  from  previous  calculations  or  from  a  calorically  perfect 
solution,  which  will  subsequently  be  discussed. 

3)  Equation  (5)  is  solved  for  s^;  then  Eq.  (4)  is  solved  for  sg  and  values  of  p/p^  vs  x  in  the  region 

x  «  0  to  x  •  sg  -  s^.  These  values,  together  with  the  geometry  of  the  combustor,  permit  the  evalua¬ 
tion  ot  the  left  hand  integral  in  Eq.  (8)  and  define  Ag/A^. 

4)  The  energy,  continuity  and  state  equations  are  combined  to  obtain  p^Aj/p^A^  which,  for  fluids  that 
can  be  treated  as  calorically  perfect  at  a  given  flow  station,  yields 
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Equation  (9)  is  substituted  into  Eq.  (7)  and  set  equal  to  £q.  (10)  tc  yield 

Pf  '  - - —  |[l  +  <Y5-1)M 5*1  (1  +  Y4M  *  +  Z) - ”5— ■■■[ 

P4  A  (1-M  2)  (l  5  5  J  44  (2  +  (Y=-3-)M_*]  ) 


For  cases  where  pg  "■  pg,  as  has  been  observed  in  many  experimental  results,  the  computed  value  of 
Pe/p^  is  compared  to  the  initially  selected  value  of  p^/p^,  a  new  value  assumed  and  steps  2  through 
5  repeated  until  the  suitable  agreement  is  reached.  When  ps  i*  pfi  and  the  values  are  known  a  priori 
and  Ag  «  Ae>  the  above  matching  is  carried  out  for  the  known  value  of  Pa/Pe>  which  could  simply  be 
an  iterant  in  a  pg  ■  pg  solution.  When  ps  i*  pfi  and  the  respective  values  are  not  known  &  priori, 
or  if  Ag  i  Ae>  or  both,  a  Joining  process  is  required.  The  joining  process  necessitates  the  adop¬ 
tion  of  an  additional  constraint,  viz,  that  the  flow  at  stations  s  and  e  can  be  represented  as 
unidimensional  at  those  stations.  Aga'n,  the  integral  method  does  not  require  one-dimensional  flow 
between  these  stations.  Between  stations  s  and  e  it  is  again  assumed  that  the  pressure  distribution 
can  be  represented  by  another  value  of  the  Crocco  parameter,  i.e. ,  e.  Solutions  can  now  be  found 
for  any  other  imposed  constraint  within  limits.  For  example,  it  could  be  assumed  that  the  variation 
in  heat  release  is  known  as  a  function  of  distance  or  residence  time,  thereby  the  values  of  T  /T 

s  e 

would  be  known.  Solutions  for  the  upstream  portion,  i.e.,  from  4  to  s  would  be  Joined  to  the  down¬ 
stream  portion,  i.e.,  from  s  to  e  by  an  e  *  constant  process,  and  from  e  to  5  by  an  e  -  constant 
process. 


6) 


For  the  converged  value  of  p  /p  and  the  corresponding  values  of  M.  and  yc,  Eq.  (7)  is  solved  for  e 
and  e  *  5  5 


e 


(12) 


7)  For  cases  where  the  converged  solution  for  Pg/p^  yields  a  value  greater  than  that  corresponding  to  a 
normal  shock  at  station  4,  the  normal  shock  Pg/p^  value  ia  held,  and  the  constraint  imposed  by  Eq. 
(7)  is  relaxed.  A  value  for  Mj  lees  than  that  corresponding  to  the  entropy  limit  case  is  assumed, 
and  Eq.  (10)  is  solved  for  A^p^/A^p^,  which  is  substituted  into  Eq.  (7)  to  find  e  and  into  Eq. 

(12)  to  obtain  a  calculated  value  of  A^/A^,  which  is  compared  to  the  actual  Aj/A^.  The  process  is 
repeated  until  convergence  is  obtained  or  the  limiting  value  of  Mj  -  1  is  re  - _hed. 

Results  from  this  analysis  are  peculiar  to  a  particular  combustor  and  operating  conditions.  On  the  other 
hand,  a  number  of  important  qualitative  features  of  the  analysis  can  be  examined  by  considering  the  idealized 
case  of  a  calorically  perfect  gas  with  y  -  1.4,  and  neglecting  shear  and  the  mass  and  momentum  contributions 

of  the  fuel.  Figure  18  shows  a  typical  set  of  solutions  for  the  case  of  M,  »  2.5,  s  -  s,  »  0  and  p  -  p  . 

4  3  Q  6  ii 

The  solid  lines  show  the  Pj/p^  values  as  a  function  of  the  combustor  area  ratio  for  the  entropy  limit  solu¬ 
tions  at  selected  shock  train  pressure  ratios  of  1,  2,  4,  6  and  7.125.  The  dashed  curves  for  values  of 
1.0,  1.2,  1.4,  1.6  and  1.8  are  solutions  that  correspond  to  the  normal  shock  pressure  rise,  p^/p^  -  7.125  but 


M4  -  2.50 
y-1.4 


Fig.  18  Combustor  exit  pressure  ratios  for  selected  heat  release  rates. 
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with  the  elope  constraint  at  the  combustor  exit  relaxed.  Superposed  on  these  solutions  are  curves  corres¬ 
ponding  to  total  temperature  ratios  of  1.5,  2,  3,  4,  5  and  6.  For  all  A^/A^  >  1,  Pj  <  pg,  but  this  does  not 

preclude  the  possibility  of  pressures  within  the  combustor  being  greater  than  pg.  In  fact,  if  the  combustor 

comprised  a  cylindrical  or  slowly  diverging  area  section  followed  by  a  more  rapidly  diverging  section, 
p  >  pg  would  be  expected. 

The  distinction  between  solutions  resulting  from  this  modeling  and  those  for  flows  that  are  constrained 
to  be  unidimensional  throughout  is  clearly  evident  for  the  particular  case  of  A^/A^  -  1.  As  shown  in  Fig. 

18,  the  Pg/p^  “  1,  2  and  4  curves  intersect  the  Aj/A^  •  1  axis  at  Pj/P^  ”  1,  2  and  4,  respectively.  Upon 

closer  examination  it  can  be  shown  that  for  all  values  of  pg/p4  1  4.0625,  Pj  ■  pg,  whereas  for  all  values  of 
pg/ P4  >  4.0625  there  are  no  solutions  at  Aj/A^  -  1.  It  can  be  rigorously  proved  that  every  combustor  exit 
solution  of  P5/P4  <  4.0625  corresoonds  to  an  end  point  state  on  the  supersonic  leg  of  a  Rayleigh  heating 
process,  i.e. ,  a  one-dimensional  frictionless  heat  addition  process  in  a  constant  area  duct.  Moreover,  the  M 

values  are  identical  to  those  of  the  corresponding  Rayleign  heating  process.  However,  from  Eq.  (9)  the  slope 

constraint  at  station  5  requires  e  >  1  for  >  1.  From  a  physical  standpoint,  this  would  imply  that  for  all 

T  /T_  <  1.4083,  the  value  corresponding  to  p./p,  "  4.0625,  M  »  1,  shock  trains  having  strengths  corres- 
t5  -  54  b 

ponding  to  single  oblique  waves  would  be  present  and  not  the  shock-free  all  supersonic  Rayleigh  process.  Note 
too,  that  these  results  would  also  hold  for  cases  where  the  shock  train  extends  into  the  duct  as  long  as  wall 
friction  is  negligible.  When  wall  friction  is  included,  the  same  qualitative  features  are  present,  but  the 
values  of  P5/P4  and  pg/p4  shift  for  given  values  of  T£  /Tt  .  Also  note  that  as  A^/A^  is  Increased  slightly 

5  4 

above  1  in  the  wall-shear-frse  case,  solutions  for  pg/p^  up  to  the  normal  shock  value  at  are  possible,  but 

Pj/p^  is  always  <  4.0625.  This  can  also  be  seen  in  Fig.  19  where  pg/p4  instead  of  Pj/p^  is  the  ordinate. 


M4  -2.5, 7-  1.4,tw»0 


1.1  1.2  1.4  1.8  M6_2° 


COMBUSTOR  AREA  RATIO  A5/A4 


Fig.  19  Pressure  ratios  across  precombustion  shock  train. 


Curves  for  constant  T  /T  values  from  1.1  to  2.6  are  given  in  Fig.  19  as  f(A,/A,,  p  / p.)  for  solu- 
5  4 

tions  constrained  by  the  slope  condition  at  the  combustor  exit.  For  values  of  T  / T  <  1.4083  the  curves 

-5  C4  ~ 

intersect  the  Aj/A^  -  1.0  axis  snd,  indeed,  there  are  valid  solutions  for  Aj/A^  <  1,  i.e.,  for  combustors 

with  converging  areas.  The  curves  for  T  /T  >  1.4083  sre  cusped  at  A./A.  1,  i.e.,  there  are  also 

5  4  34 

solutions  for  A^/A^  <  1,  and  those  Tt  /Tfc  curves  also  become  asympotic  to  the  Aj/A^  “  1  axis.  Overlaid  on 

this  grid  are  dashed  curves  for  constant  values  of  1.1  to  2.5.  The  entropy  limit  solutions  for  pg/p^  " 

7.125  are  limited  to  a  maximum  T  /T  «  2.813  for  combustors  with  A./A,  <  4.  However,  if  the  exit  slope 

e5  4  3  4  “ 

condition  is  relaxed  and  M.  is  permitted  to  equal  unity,  the  maximum  T  /T  is  6.293. 
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Fig.  20  Total  preaure  ratio  (or  selected  heat  release  rates. 


Figure  20  shows  the  important  effect  of  combustor  area  ratio  on  the  total  pressure  recovery  in  the  heat 
addition  process,  p  /p  ,  Curves  for  total  temperature  ratios  T  /T  of  1,  1.5,  2,  3  and  4  are  shown. 

C5  i  C5  C4 

Fointa  to  the  left  of  the  dashed  line  correspond  to  entropy  limit  solutions  and  thoee  to  the  right  of  the 
dashed  line  are  for  shock  trains  with  normal  shock  pressure  ratios.  The  T  /T  curves  terminate  at  M,  »  1. 

C5  4  3 

For  T  /T  >  1,  the  p  / p  curves  decrease  rapidly  with  increasing  A,/A. ,  but  reach  a  minimum  at  M,  slightly 
c5  4  r5  c4  54  5 

>  1.  Whereas  larger  values  of  A^/A^  permit  more  heat  to  be  released,  the  expense  in  total  pressure  loss  is 

Insignificant.  For  the  same  T  /T  more  heat  can  be  added  in  a  given  A./A.  combustor  as  rl.  Increases.  As 

5  4  54  4 

shown  in  Table  2,  »  Mg3  increases  with  M^,  but  T^  /Tt  decreases  with  for  a  given  ER,  which  is,  un¬ 

fortunately,  the  opposite  of  the  desired  trend.  For  this  reason  the  designer  generally  selects  the  smallest 
possible  Aj/A^  that  provides  sufficient  thrust  to  climb  out  at  and  then  accepts  the  loss  in  pt  /pt  that 

*5  4 

occurs  at  MQ  >  where  A^/A^  is  greater  than  the  optimal  value. 

Similar  curves  to  Figs.  18-20  can  be  generated  for  values  of  Z  l1  0  (Eq.  8)  to  provide  a  means  for 
assessing  the  effects  of  shear,  combustor  shape  and  of  the  shock  train  extending  into  the  combustor.  Of 
course,  for  a  precise  calculation,  the  actual  properties  of  the  flow  at  the  combustor  entrance,  the  fuel  type 
and  injector  configuration,  etc.,  must  be  known,  together  with  the  appropriate  state  equation  and  solutions 
must  be  done  on  a  computer. 

As  previously  stated,  when  the  bulk  value  of  the  heat  release  is  known,  experimental  measurements  can  be 
compared  to  the  results  of  this  analysis.  Over  a  period  of  about  twenty  years  at  the  Johns  Hopkins  University 
Applied  Physics  Laboratory,  bulk  heat  release  rates  have  been  obtained  from  a  steam  calorimeter  attached  to 
the  exit  of  supersonic  combustors.  One  tf  the  first  reported  experiments  (Ref.  21)  remains  as  a  benchmark  to 
index  the  veracity  of  analytical  solutions  due  primarily  to  the  atypical  test  configuration.  In  this  test, 
the  boundary  layer  of  the  Incoming  air  was  removed  just  ahead  of  the  fuel  Injector  ports  (see  Fig.  21a),  thus 
providing  the  unique  situation  where  the  shock  train  can  collapse  to  a  simple  normal  wave  as  sg  ■+•  0.  For  the 

ERejj  *  0.424  with  hydrogen  fuel  and  combustor  entry  conditions  of  «  1.95  and  T  “  2188*R,  the  foregoing 

4 

analysis  would  predict  a  normal  shock-entropy  limit  solution.  For  this  A^/A^  ■  2.28  combustor  using  a  value 

for  Z  in  Eq.  (8)  deduced  from  the  measured  heat  transfer  and  a  modified  Reynold's  analogy  (see  Ref.  23),  the 
entropy  limit  solution  corresponds  to  e  -  2.004,  pg/p4  -  4.28,  p5/p4  -  0.835  and  Mj  -  1.676.  Figures  21b  and 

c  show  the  excellent  agreement  between  theory  and  measurement  of  the  wall  static  and  combustor  exit  pitot 
pressures  p  and  exit  Mach  number  deduced  from  pc  and  p  . 

c5 '  5  e5 ' 

In  all  other  available  experimental  data  there  has  been  a  boundary  layer  of  finite  thickness  at  the 
combustor  entrance,  thus  it  has  been  necessary  to  compute  sg,  a^  and  p  »  f(x)  from  x  *  0  to  x  •  sg  -  s^. 

Figure  22  compares  measured  and  computed  wall  pressure  distributions  for  three  different  combustor  geometries 
(see  Refs.  9  and  10  for  details).  In  each  case  M4,  84>  D4  and  are  3.23,  0.0146  in,  2.74  in,  and  2.0, 
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c)  Experimental  and  theoretical  combustor-exit  profiles. 


b)  Experimental  and  theoietical  combustor  pressure  distribution. 


Fig.  21  Comparison  of  experimental  measurements  with  theoretical 
analysis  for  combustor  with  normal  shock  at  entropy  limit. 


respectively.  Since  these  data  were  used  to  obtain  the  empirical  relationship  for  a^  given  in  Eq.  (5),  the 

poaitioning  of  the  shock  train  with  respect  to  the  fuel  injectors  is  reasonably  well  represented.  Some 
changes  in  the  theoretical  pressure  distributions  from  those  presented  in  Ref.  10  have  been  made  due  to  the 
improved  modeling  of  the  "Z"  term  in  Eq.  (8).  For  the  conical  combustor,  no  joining  process  is  warranted 
nlnce  it  appears  that  station  s  and  e  are  about  coincidental.  It  the  short  cylinder- cone  and  the  step  cylin¬ 
der  cone,  the  constant  area  sections  necessitated  a  joining  procedure  to  complete  the  theoietical  analysis. 

In  the  absence  of  any  well  posed  theory  or  experimental  correlation,  the  simple  assumption  of  a  linearly 
Increasing  total  temperature  with  distance  was  assumed  to  hold  between  the  shock  train  and  the  e  •  c  region. 
This  zone  is  so  short  in  the  short  cylinder  case  that  no  judgment  on  the  appropriateness  of  the  modeling  can 
be  made.  In  the  step  cylinder  cone,  both  the  analysis  and  the  experimental  pressure  distributions  show  that 
the  flow  i3  "overcomoressed"  with  respect  to  the  duct  area  by  the  shock  train,  i.e.,  the  effective  cross- 
sectional  area  of  the  flow  is  smaller  than  the  duct  area  at  station  s.  The  theoretical  pressure  distribution 
in  the  Joining  region  was  based  on  the  assumption  that  the  total  heat  release  wau  evenly  split  between  the 
cylindrical  and  conical  stations  and  station  e  was  located  at  the  entrance  to  the  0.7°  half-angle  cone.  With 
these  assumptions,  the  pressure  is  predicted  to  decrease  by  about  10-152  in  the  constant  area  section. 

A  much  larger  data  base  will  have  to  be  analyzed  before  any  conclusive  arguments  can  be  made  to  improve 
the  modeling.  Nonetheless,  the  general  agreement  between  theory  and  experiment  is  considered  to  be  quite 
good. 
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Fig.  22  Companion  of  theoretical  and  experimental  wall  pressure  distributions  in  supersonic  combustors. 


Since  In  the  design  of  a  fixed  geometry  engine  A^/A^  must  be  specified,  a  procedure  for  selection  must  be 

developed.  Each  application  imposes  different  constraints,  e.g.,  the  available  length  will  directly  affect 
the  combustor  wall  shear,  whereas  a  change  in  combustor  area  ratio  may  or  may  not  cause  a  change  In  the 
allowable  fuel  volume,  therefore  there  Is  no  one  design  strategy.  Nonetheless,  some  of  the  steps  in  the 
process  that  can  be  generalized  are  as  follows. 

Generally,  as  mentioned,  the  maximum  thrust  requirement  occurs  at  and  A^/A^  la  selected  to  meet  the 

requirement  and  provide  some  margin  to  assure  that  the  missile  will  climb  out  and  accelerate  when  anomalous 
conditions  arise.  However,  an  overly  conservative  value  for  A^/A^  is  not  a  Judicious  choice,  because  pro¬ 
vision  for  additional  thrust  margin  invariably  leads  to  engine  inefficiency  during  crui3e.  The  following 
example  should  help  clarify  these  points.  Consistent  with  the  general  nature  of  this  discussion,  the  sim¬ 
plified  assumptions  that  were  adopted  to  develop  Figs.  18-20  are  the  basis  for  the  curves  shown  in  Fig.  23. 
Here,  the  maximum  values  of  T  /T  for  the  normal  shock,  M.  "  1  limit  are  shown  as  a  function  of  M.  for 

c5  4  5  4 

values  of  A,/A,  non  1  to  3.  The  aforementioned  trend  of  increasing  (T  /T  )  with  increasing  M,  is 
54  c5  C4  max 

characteristic  of  all  of  the  A^/A^  curves.  Overlaid  on  these  curves  are  curves  drawn  through  points  corres¬ 
ponding  to  the  combustor  requirements  fo.  the  four  IT3  inlets  (Cases  A  through  D)  that  were  previously  dis¬ 
cussed  (Table  2).  Here,  M,  -  M  ,  and  the  values  of  the  required  T  /T  assume  that  the  engines  are  opera- 

4  eJ  *5  4 


COMBUSTOR  ENTRANCE  MACH  NUMBER  M4 


Fig.  23  Maximum  total  temperature  In  diyarging  com  button  normal  shock  prattura  rlia.  M6  *  1. 


ting  In  the  tropopauae  with  TQ  •  390*R  and  that  tha  fuel  la  Shelldyne  H  (RJ-5)  with  a  heating  value  of  1? 

Btu/lb  and  a  atolchloaetrlc  fuel/alr  ratio  (ER  ■  1)  of  0.07284.  The  required  T  /T  values  are  based  I 
■  e5 
real  gas  In  thermodynamic  equilibrium,  but  all  other  parameters  are  consistent  with  the  simplifying  aasui 
tlons  of  a  calorically  perfect  gas  with  “  Tj  "  1. 4  and  no  mass  or  momentum  of  the  fuel. 

The  open  symbols  are  for  T  /T  values  that  correspond  to  ER  »  1.0.  The  required  A, /A,  vary  from  2 

5  4  * 

2.55  at  Mg  »  4  to  below  1  at  Mg  *■  7  for  this  ER.  The  solid  symbols  are  for  ER  •  0.5  and  the  required  A^/ 

are  correspondingly  reduced,  varying  from  1.58  to  1.91.  To  ..ire  the  combustor,  the  thrust  requirements 
would  have  to  be  known,  but  in  this  example  It  is  assumed  that  at  Mg  -  "  4,  Tfc  /T£  *»  2.5.  The  corr 

5  4 

ponding  ER  would  be  0.639  and  the  values  of  Aj/A^  for  the  four  engine  designs  are  listed  In  Table  3.  Fot 

maximum  acceleration  In  the  climbout,  the  fuel  control  could  be  programmed  to  Increase  ER  to  the  allovabl 
limit  as  Mg  Increased.  This  would  occur  at  Mg  from  4.3  to  4.4  for  the  four  cases.  In  this  example,  it 

la  alao  assumed  that  the  engines  would  accelerate  at  ER  ■  1  until  Mg  «  MgR  »  7  at  which  point  they  would 
be  throttled  back  to  ER  ■  0.5  for  cruise. 

With  Aj/A^  and  T{  /Tt  specified,  solutions  can  be  found  for  each  set  of  Initial  conditions.  Result 
5  4 

from  these  calculations  are  summarized  in  Table  3.  At  Mg  «  4  all  cases  correspond  to  normal  shock  pressu 
rises  with  Mj  «  1.  As  Mg  Increases,  Mj  also  Increases  until  a  condition  is  reached  where  it  is  possible 

obtain  an  entropy  limit  solution.  Normal  shock  and  entropy  limit  processes  are  labeled  N.S.  and  S.L.,  r* 
apactlvely,  under  "Type"  in  Table  3.  For  all  points  other  than  Case  D  it  Hg  >  6,  the  static  pressure  at 

combustor  exit  is  higher  than  It  Is  prior  to  the  shock  train.  In  the  absence  of  a  more  detailed  analysis 
tho  viscous  layer  at  station  5,  it  Is  usually  asswed  that  (A/A^)^  «  (A/A^)^.  This  assumption  was  made  t 

obtain  the  values  of  Aq/A  .  ahown  In  the  Table.  Total  pressure  recovery  in  the  combustor,  p  /p  ,  lncrs 

*5  *4 

as  the  inlet  compression  increases  because  the  beneficial  effects  o£  reduced  inltlsl  Mach  number  more  tha 
compensate  for  the  detrimental  »ff«ct  of  larger  Aj/A^.  Combining  the  pressure  recovery  in  the  inlet  wit! 

combustor  results  In  tha  values  of  p  /p  shown  In  the  last  column.  An  extremely  important  trend  is  she 

5  0 

in  tha  values  of  p  / p  .  Caen  C  yields  higher  total  pressure  recovery  than  Case  D,  even  though  there  la 
5  0 

less  compression  than  for  Case  D.  Thus,  tbere  would  be  no  reason  to  select  D  and  exacerbate  the  posslbla 
problems  of  boundary  layer  separat'.ons  dua  to  shuck  reflections  from  the  Inward  turning  scoop  inlet.  Tha 
ranking  of  Cases  A,  B  and  C  muse  also  taka  into  consideration  forebody  forces  snd  additive  drag  before  a 
final  ranking  can  be  established. 


Table  3 


Case  Mq 

A  A 

5 

6 
7 
7 


5 

6 
7 
7 

A 

5 

6 
7 
7 

A 

5 

6 
7 
7 


Combustor  Parameters 

for  Four 

Engines  with  ITS 

" 

6  Inlets 

A5/AA 

ma 

ER 

Type* 

T  /T 

5  CA 

M5 

ps/pA 

e 

P5/PA 

A0/Ae5 

pt  /Pt 

C5  rA 

pt  /pt 

5  I 

1.717 

2.A0A 

0.639 

N.S. 

2.500 

1.000 

6.58 

3.12 

2.968 

1.989 

0.3C19 

0.2936 

II 

2.999 

1.000 

S.L. 

2.2A1 

1.A79 

9.33 

1.63 

2.A67 

2.329 

0.2396 

0.1622 

H 

3.512 

1.0C"> 

S.L. 

1.805 

1.799 

6.6A 

1.97 

2.215 

2.665 

0.1638 

0.0967 

II 

A. 055 

1.000 

S.L. 

1.A63 

2.3A2 

A. A0 

2.  A0 

1.7AA 

2.665 

0.1A27 

0.0705 

II 

A. 055 

0.500 

S.L. 

1.290 

2.773 

3.00 

2.6A 

1.258 

2.665 

0.2005 

0.0931 

1.822 

2.159 

0.639 

N.S. 

2.500 

1.000 

5.27 

A.  05 

2.378 

2.17A 

O.AA89 

0.3209 

•  1 

2.688 

1.000 

N.S. 

2.2A1 

1.A93 

8.26 

1.70 

1.925 

2.580 

0.3059 

0.1811 

II 

3.116 

1.000 

S.L. 

1.805 

1.793 

5.80 

1.97 

1.715 

2.9A1 

0.2230 

0.1077 

II 

3.571 

1.000 

S.L. 

1.  A63 

2.292 

3.8A 

2.37 

1.361 

2.9A1 

0.199A 

0.0752 

II 

3.571 

0.500 

S.L. 

1.290 

2.675 

2.67 

2.59 

1.006 

2.9A1 

0.2672 

0.1007 

1.95A 

1.921 

0.639 

N.S. 

2.500 

1.000 

A.!  A 

6.39 

1.871 

2.255 

0.5117 

0.3321 

It 

2.380 

1.000 

N.S. 

2.2A1 

1.A78 

6.AA 

1.85 

1.503 

2.707 

0.3773 

0.1382 

•  1 

2.751 

1.000 

S.L. 

1.805 

1.800 

5.0A 

1.98 

1.298 

3.119 

0.2961 

0.1133 

II 

3.1A1 

1.000 

S.L. 

1.A63 

2.2A9 

,'.38 

2.3A 

1.051 

3.119 

0.2677 

0.0758 

II 

3.1A1 

0.500 

S.L. 

1.290 

2.583 

2. A0 

2.55 

0.798 

3.119 

0.3423 

0.0969 

2.  ISA 

1.652 

0.639 

N.S. 

2.500 

1.000 

3.02 

AA.56 

1.377 

2.129 

0.567A 

0.3138 

II 

2.081 

1.000 

N.S. 

2.2A1 

1.A77 

A.  89 

2.08 

1.117 

2.555 

0.AA67 

0.1776 

•  1 

2.A00 

1.000 

S.L. 

1.805 

1.827 

A.  31 

2.00 

0.931 

2.9AO 

0.381A 

0.1093 

II 

2.731 

1.000 

S.L. 

1.A63 

2.223 

2.97 

2.32 

0.77A 

2.9A0 

0.3511 

0.0701 

II 

2.731 

0.500 

S.L. 

1.290 

2.509 

2.16 

2.51 

0.603 

2. 9  A0 

O.A279 

0.085A 

,S.  ■  normal-shock  processes;  S.L.  ■  entropy-limit  processes 


Solutions  for  the  flovfleld  In  the  combustor  based  on  the  use  of  finite  difference  solutions  of  the 
differential  form  of  the  conservation  equations  are  also  In  an  active  state  of  development.  The  deficiencies 
In  these  techniques  are  in  the  formulations  for  modeling  turbulence  and  kinetics  and  In  Incorporating  boundary 
constraints  that  are  not  In  opposition  to  experimental  observations.  Indeed,  It  has  been  found  that  the  most 
successful  approach  has  been  to  impose  a  wall  pressure  distribution  governed  by  the  foregoing  integral  analy¬ 
sis.  References  13  and  27  discuss  this  methodology  for  the  particular  case  of  the  DCR  engine  cycle.  The 
practical  limitation  of  the  cost  of  the  commutations  still  precludes  the  use  of  the  finite  difference  approach 
as  an  effective  design  tool,  but  the  value  of  having  the  capability  to  examine  the  entire  flowfield  In  detail 
for  a  few  selected  cases  cannot  be  underestimated.  As  reductions  in  the  cost  of  CPU  time  accrue  and  better 
techniques  for  adaptive  grid  point  spacing  evolve,  these  techniques  will  play  an  Important  role  In  design. 

NOZZLE  ANALYSIS 

The  analytical  tools  that  are  required  for  the  design  of  the  exit  nozzle  and  the  analysis  of  the  flow- 
fields  for  the  supersonic  combustion  engine  are  not  significantly  different  than  those  for  the  CRJ.  The 
principal  difference  Is  that  the  throat  station  in  the  converging-diverging  nozzle  provides  a  reference  plane 
In  which  sufficient  constraints  are  present  to  describe  the  flow  properties,  albeit  with  certain  assumptions 
regarding  the  chemical  composition  of  the  gas.  In  the  scramjet ,  the  distinction  between  nozzle  and  combustor 
can  be  obscure  and  as  the  previous  discussion  suggested,  station  5  can,  In  fact,  change  with  changing  con¬ 
ditions  at  the  combustor  entrance.  Moreover,  significant  gradients  In  flow  properties  In  the  Initial  plane 
are  much  more  likely  to  be  present  in  the  scramjet. 

As  In  the  case  In  the  combustor,  both  Integral  analyses  and  finite  difference  techniques  have  been 
developed.  Emphasis  shifts  from  properly  modeling  the  mechanisms  that  contribute  to  the  losses  In  total 
pressure  to  adequate  representation  of  flow  angularity,  especially  in  the  nozzle  exit  plane.  The  greatest 
deficiency  In  nozzle  flow  analysis,  as  in  the  combustor,  Is  in  the  modeling  of  the  chemistry.  In  the  com¬ 
bustor  the  processes  during  the  early  phases  of  reactions,  e.g.,  chain  breaking, cause  the  greatest  diffi¬ 
culties.  In  the  nozzle,  modeling  of  the  recombination  reactions  and, in  the  case  of  some  specialized  fuels, 
phase  changes  of  metal  oxides  are  problems. 

Much  of  the  work  In  the  development  of  useful  design  approaches  based  on  finite  difference  techniques  Is 
still  in  progress,  but  Refs.  31  and  32  give  some  insight  into  these  methods.  The  integral  analyses  are  at 
present  quite  rudimentary.  Given  a  unidimensional  representation  of  the  flow  at  station  5,  calculations  of 

lsentropic  expansion  corresponding  to  the  effective  nozzle  area  ratio  A. /A,  are  made  for  two  cases:  one 

o  5® 

assuming  thermodynamic  equilibrium  and  the  other  assuming  a  constant  chemical  composition  "frozen"  at  station 
5.  Two  empirical  constants,  r  and  n^,  are  then  introduced,  the  first  to  account  for  the  loss  in  nozzle  exit 

stream  thrust  that  Is  attributable  to  finite  rate  reactions  (and  phase  changes)  and  the  second  to  account  for 
friction,  divergence  and  non-uniformity.  Thus, 


5,  ■  nH[r  +  (1  -  r)  8,  ) 


EQ 


FZ 


(13) 


where 


»nd  typical  values  are  r  -  1/3,  «  0.97-0.99.  An  adequate  data  base  to  substantiate  the  validity  of  this 

modeling  has  not  yet  been  forthcoming. 

With  defined,  the  thrust  and  net  engine  force  can  be  determined  for  specific  values  of  A^/A^,  wher 
Aj,  is  the  frontal  area  of  the  engine.  In  Fig.  14,  “  45*  for  each  of  four  inward  turning  scoop  inlets, 

thus  A^/A^  ■  0.5.  By  changing  either  lji  or  the  number  of  scoops,  or  both,  A^/A^  can  be  varied  with  an  uppet 

bound  that  is  governed  by  starting.  The  relative  performance  of  engines  corresponding  to  Cases  A-D  can  be 
obtained  by  examining  a  single  value  of  A^A^,  e.g.  0.5,  and  then  the  effects  of  changing  A^/Aj^  can  be 

studied  Independently. 


The  thrust  coefficient  is  given  as 


and  the  drag  coefficient  due  to  the  pressure  acting  on  that  portion  of  the  conical  forebody  not  wetted  by 
the  air  captured  in  the  inlet  is 


The  additive  drag  for  is  given  aa 

.  2  ,  1  Pw  f.  , 

DADD  “  YM0’  |  PQ  L  8in  ®w 


Therefore,  the  resulting  net  force  coefficient  is 
CF  "  CT  “  CD  "  CDADD 


Table  4  lists  the  Mach  number  and  pressure  ratio  at  the  nozzle  exit  plane  and  the  calculated  force  co 
efficients  for  Cases  A-D.  Again,  for  clarity,  the  simplifying  assumption  of  y  »  1.4  was  adopted,  thus  r  ■ 
and  nN  was  taken  as  0.985.  At  MQ  ■  4,  the  exit  pressure  is  somewhat  below  the  ambient  pressure,  but  the 

values  are  not  low  enough  to  suggest  separation  in  the  nozzle.  The  gross  thrust  coefficients,  C^,  exhibit 

the  same  general  trend  as  the  p  /p  values  discussed  earlier.  However,  when  additive  drag  is  subtracted 
!  E5  C0 

it  turns  out  that  Case  B  yields  the  highest  values,  and  if  the  forebody  drag  is  subtracted,  Case  A  is  best. 
If  other  values  of  A^/A^  between  the  limits  0. 4  A^/A^  1.  °*®  are  examined,  the  trend  is  toward  higher  re¬ 
lative  values  of  Cp  with  greater  inlet  contraction  as  A^/A^  Increases.  Nonetheless,  over  the  entire  range 
reasonable  values  for  A^/A^,  the  optimal  conical  forebody  angle  is  <  12.5*.  These  results  clearly  show 
need  to  consider  additive  drag  and  forebody  drag  if  a  true  optimum  is  to  be  identified. 

Typical  values  of  the  ratio  of  missile  weight  to  maximum  cross-sectional  area  are  from  4  to  7  lbs/inJ, 
For  a  value  of  5  lb/lnJ  and  flight  at  -  4,  Z  »  5000  ft,  a  value  of  Cp  -  0.26  would  correspond  to  7.1  "g' 

of  accelerative  capability. 

It  is  of  interest  to  compare  the  results  obtained  from  these  dual  mode  engines  with  those  from  a  set  < 
engines  having  the  sue  inlets  but  with  dump-type  subsonic  combustors.  As  in  the  case  of  the  scramjet, 
acceleration  requirements  at  the  end  of  boost  prescribe  the  combustor-nozzle  area  ratio.  To  obtain  maximui 
performance  in  the  CRJ,  the  nozzle  throat  is  sized  to  produce  critical  flow  in  the  inlet  at  this  condition. 
In  an  inlet  having  Internal  contraction  such  as  the  ITS,  the  critical  condition  corresponds  to  locating  a 
normal  shock  (in  actuality,  a  shock-train  having  a  pressure  rise  equal  to  a  normal  shock)  at  station  3. 

These  conditions  are  shown  in  Table  3  and  are  labelled  3'.  As  It,  increases  and/or  ER  decreases,  the  total 

temperature  ratio  in  the  combusto-  decreases  and  the  normal  shock  seeks  a  location  where  A  >  A3fi,.  Para¬ 
doxically,  the  inlet  must  throw  away  pressure  recovery  in  order  to  satisfy  the  sonic  flow  conditions  impost 
at  the  nozzle  throat.  For  the  example  cases,  this  area  is  set  by  the  -  7,  ER  ■  0. 5  operating  condition 

Larger  duct  areas  would  be  possible,  which  would  lead  to  smaller  duct  and  dump  losses  but  with  a  loss  in  tl 
internal  volume  available  for  packaging.  The  minimal  duct  area  was  used  to  obtain  conditions  at  the  com¬ 
bustor  dump  plane.  Total  pressure  losses  during  heat  addition  vary  inversely  with  combustor  entrance  Mach 

number,  so  to  obtain  minimal  loss  the  combustor  area  was  taken  as  A^.  Again,  to  simplfy  the  calculations, 

Y  *  1.4  was  assumed,  the  duct  flow  was  frictionless,  the  dump  was  considered  as  an  isobnric  area  expansion, 
and  Che  heating  was  taken  as  a  Rayleigh  process.  With  these  assumptions,  the  total  pressure  loss  from 
station  3e'  to  the  nozzle  throat  and  the  throat  size  for  the  MQ  -  4,  ER  -  0.639  operating  conditions  can  bt 

calculated  for  each  of  the  four  engines.  These  losses  vary  from  16Z  for  Case  A  to  21. 1Z  for  Case  D  which, 
when  coupled  with  the  inlet  losses  (Table  3)  give  the  values  of  Pf*/pf  at  M.  •  4  shown  in  Table  5  and  pre- 

*  0  0 

scribe  the  nozzle  throat  size  A  /A3e  that  is  also  listed  in  this  table.  For  the  Mfl  -  5,  6  and  7  condition! 

Pf  / P,.  I*  deduced  from  the  continuity  equation  using  the  lower  values  of  total  temperature  rise  in  the  cot 
0 

bustor  given  in  Table  3.  Proceeding  backwards  through  the  engine  cycle  computing  first  the  total  pressure 


loss  lu  chc  Payleigh  heat  addition  and  the  lsobarlc  dump  loss  provides  a  means  of  verifying  that  the 
Inlet  must  indeed  operate  supercritlcally  at  all  but  the  Mg  ■  4  condition.  Had  total  temperature  ratios 

below  2.5  (ER  «  J. 639)  been  prescribed  at  the  end  of  boost,  A  /A^e  would  have  been  set  by  the  Mg  «■  5  con¬ 
ditions  with  critical  Inlet  operation.  The  static  pressure  ratios  p  / pQ  at  the  sonic  point  listed  In 

Table  5  are  about  one-half  of  the  maximum  value  in  the  ccmbustor.  When  compared  with  the  maximum  pressure 
ratios  (Pg/pQ)  that  occur  in  the  scramjet  at  the  same  operating  point,  a  significant  difference  is  present 

at  high  Mg.  For  example,  taking  case  B  at  Mg  «  7,  ER  -  1.0,  the  maximum  pressure  in  the  subsonic  combustor 

is  103.79  i  0.5302  •  195.8,  whereas  in  the  scramjet  combustor  it  is  3.84  x  17.445  *  67.0.  The  implications 
with  respect  to  the  structural  design  of  the  combustor  and  nozzle  are  obvious. 

With  A*/A^  prescribed  and  Ag  ■  A^  the  nozzle  exit  conditions  Pg/Og  and  Mg  and  the  force  coefficients  can 
be  calculated  by  the  same  method  used  in  the  scramjet  analysis.  The  values  of  Cg^gg  and  Cg  are  the  same  as 

for  the  comparable  scramjet  at  the  same  operating  conditions  and  therefore  are  not  re-listed  from  Table  4. 
Comparing  values  from  Table  5  for  the  CRJ  with  those  for  the  scramjet  from  Table  4  shows  that  th':  CRJ  has 

somewhat  higher  performance  at  Mg  ■  4  and  5,  about  equal  performance  at  Mg  ■  6,  and  significantly  lower  per¬ 
formance  at  Mg  ■  7.  For  most  applications  of  engines  operating  over  this  Mg  range,  overall  performance 

would  favor  the  scramjet.  A  superficial  examination  of  the  Hated  ''esults  will  help  to  support  this  argu¬ 
ment.  For  example,  if  the  CRJ  engine  for  Case  B  was  required  to  produce  the  same  Cp  as  its  scramjet  counter¬ 
part,  the  ER,  or  fuel  flow  rate,  would  be  reduced  by  about  9Z  at  Mg  •  4,  5X  at  Mg  *  5,  but  would  have  to  be 
increased  by  50Z  during  cruise  at  MQ  -  7.  Both  cycles  exhibit  the  same  trends  in  performance  with  inlet 
contraction  ratio  and  the  conclusions  previously  stated  for  the  scramjet  therefore  hold. 


Table  4 


Exit  Parameters  and  Force  Coefficients  for  Four  Engines 
with  ITS  MpC  ■  6  Inlets 
(Supersonic  Combustion) 


Case 

Mo 

ER 

M6 

p6/p0 

CT 

CDADD 

CT  "  CDADD 

CD 

CF 

A 

4 

0.639 

3.246 

0.848 

0.3370 

0.0124 

0.3246 

0.0584 

0.2663 

5 

1.000 

3.402 

1.293 

0.3219 

0.0059 

0.3160 

0.0555 

0.2605 

6 

1.000 

3.631 

1.668 

0.2291 

0 

0.2291 

0.0538 

0.1753 

7 

1.000 

4.141 

1.257 

0.1173 

0 

0.1173 

0.0527 

0.0647 

7 

0.500 

4.611 

1.237 

0.0631 

0 

0.0631 

0.0527 

0.0105 

B 

4 

0.639 

3.347 

0.795 

0.3530 

0.0188 

0.3342 

0.0804 

0.2538 

5 

1.000 

3.515 

1.228 

0.3402 

0.0089 

0.3313 

0.0771 

0.2542 

€ 

1.000 

3.733 

1.610 

0.2500 

0 

0.2500 

0.0752 

0.1748 

7 

1.000 

4.202 

1.573 

0.1328 

0 

0.1328 

0.0739 

0.0588 

7 

0.500 

4.617 

1.247 

0.0756 

0 

0.0756 

0.0739 

0.0016 

C 

4 

0.639 

3.409 

0.772 

0.3565 

0.0257 

0.3307 

0.1057 

0.2250 

5 

1.000 

3.570 

1.182 

0.3283 

0.0120 

0.3163 

0.1021 

0.2142 

6 

1.000 

3.802 

1.538 

0.2373 

0 

0.2373 

0.0999 

0.1374 

7 

1.000 

4.224 

1.542 

0.1209 

0 

0.1209 

0.0986 

0.0223 

7 

0.500 

4.584 

1.250 

0.0623 

0 

0.0623 

0.0986 

-0.0363 

D 

4 

0.639 

3.348 

0.777 

0.3248 

0.0257 

0.2991 

0.1057 

0.1934 

5 

1.000 

3.507 

1.220 

0.3250 

0.0120 

0.3130 

0.1021 

0.2109 

6 

1.000 

3.763 

1.567 

0.2354 

0 

0.2354 

0.0999 

0.1355 

7 

1.000 

4.132 

1.605 

0.1185 

0 

0.1185 

0.0986 

0.0199 

7 

0.500 

4.434 

1.327 

0.0575 

0 

0.0575 

0.0986 

-0.0412 

Hjj  -  0.985  r  -  1 


Table  S 


Nozzle  Throat  and  Exit  Parameters  and  Force  Coefficients  for  Four  Engines 
with  ITS  ^  -  6  Inlets 
(Subsonic  Combustion) 


Case 

Mo 

ER 

A‘/A3e 

p*/p0 

M6 

p6/p0 

CT 

CT  “  CDADD 

CF 

A 

4 

0.639 

1. 293 

0.3898 

31.27 

3.544 

0.729 

0.3562 

0.3438 

0.2855 

5 

1.000 

•  t 

0.1853 

51.79 

If 

1.207 

0.3366 

0.3307 

0.2752 

6 

1.000 

II 

0.0894 

74.53 

If 

1.737 

0.2225 

0.2225 

0.1687 

7 

1.000 

•  1 

0.0411 

89.84 

If 

2.094 

0.0886 

0.0886 

P.0360 

7 

0.500 

»» 

0.0386 

84.35 

If 

1.966 

0.0203 

0.0203 

-u.0323 

B 

4 

0.639 

1.325 

0. 4412 

35.39 

3.689 

0.674 

0.3742 

0-3554 

0.2750 

5 

1.000 

II 

0.2126 

59.43 

It 

1.131 

0.3528 

0.3439 

0.2668 

6 

1.000 

•  1 

0. 1035 

86.57 

If 

1.648 

0.2518 

0.2518 

0.1767 

7 

1.000 

tl 

0.0475 

103. 79 

If 

1.976 

0.1085 

0.1085 

0.0346 

7 

0.500 

•  1 

0.0446 

97.47 

If 

1.855 

0.0392 

0.0392 

-0.0347 

C 

4 

0.639 

1. 408 

0.  4612 

36.99 

3.764 

0.635 

0.3480 

0.3223 

0.2165 

5 

1.000 

1* 

0.2249 

62.87 

II 

1.080 

0.3406 

0.3286 

0.2265 

6 

1.000 

II 

0.1093 

91.15 

•  1 

1.365 

0  2347 

0.2347 

0.1348 

7 

1.000 

»l 

0.0502 

109.87 

If 

1.887 

0.0995 

0.0995 

0.0008 

7 

0.500 

II 

0.0472 

103. 18 

II 

1.772 

0.0307 

0.0307 

-0.0679 

D 

4 

0.639 

1.496 

0.4518 

36.24 

3.740 

0.643 

0.3477 

0.3220 

0.2163 

5 

1.000 

If 

0.2202 

61.55 

H 

1.093 

0.3402 

0.3286 

0.2262 

6 

1.000 

It 

0.1071 

89.31 

it 

1.585 

0.2355 

0.2355 

0.1355 

7 

1.000 

It 

0.0492 

107. 69 

it 

1.912 

0.0838 

0.0838 

-0.0148 

7 

0.500 

•» 

0.0462 

101.12 

it 

1.795 

0.0305 

0.0305 

-0.0681 

hjj  *  0.985  r  ■  1 
Ai/AR  "  O’5 

CONCLUSIONS 

A  sumnary  of  the  contemporary  approaches  to  the  design  and  analysis  of  scramjet  engines  has  been  pre¬ 
sented.  Where  possible,  comparisons  with  data  have  been  made  and  judgments  made  regarding  the  adequacy  of  the 
modeling.  In  many  instances  the  treatment  herein  is  superficial  and  only  in  conjunction  with  a  thorough 
knowledge  of  the  ever-growing  base  of  reference  material  can  the  designer  properly  assess  the  state-of-the- 
art. 
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